Rochester Institute of Technology

RIT Scholar Works
Theses
8-2014

Multiwavelength Observations of Young Stars and Their
Circumstellar Disks
David A. Principe

Follow this and additional works at: https://scholarworks.rit.edu/theses

Recommended Citation
Principe, David A., "Multiwavelength Observations of Young Stars and Their Circumstellar Disks" (2014).
Thesis. Rochester Institute of Technology. Accessed from

This Dissertation is brought to you for free and open access by RIT Scholar Works. It has been accepted for
inclusion in Theses by an authorized administrator of RIT Scholar Works. For more information, please contact
ritscholarworks@rit.edu.

Rochester Institute of Technology
Ph.D. Degree Dissertation

Multiwavelength Observations of Young
Stars and Their Circumstellar Disks

Author:

Dissertation Advisor:

David A. Principe

Dr. Joel H. Kastner

This dissertation has been approved by the undersigned members of the dissertation
committee as satisfactory for the degree of Doctor of Philosophy: Astrophysical Sciences
and Technology
in the
Laboratory for Multiwavelength Astrophysics
School of Physics and Astronomy

John Kerekes: Committee Chair

Signature

Joel Kastner: Dissertation Advisor

Date

Christopher O’Dea

Signature

Signature

Date

Eric Mamajek

Date

Signature

Date

!
!
!
!
!
!
!
!
!
!

Multiwavelength Observations of Young Stars
and Their Circumstellar Disks

!
!
David A. Principe
!
By

A dissertation submitted in partial fulfillment of the
requirements for the degree of Ph.D. in Astrophysical
Sciences and Technology, in the College of Science,
Rochester Institute of Technology!

!

!
!
!
!
!
!
!

August 2014!

Approved by! ! ___________________________________________________________!
!
Professor Andrew Robinson!
Date!
!
Director, Astrophysical Sciences and Technology

Abstract
School of Physics and Astronomy

Doctor of Philosophy: Astrophysical Sciences and Technology

Multiwavelength Observations of Young Stars and Their Circumstellar Disks
by David A. Principe

Observational studies of star and planet formation represent a fundamental means to understand
the origins of exoplanetary systems and our own solar system. In this dissertation I present a
multiwavelength approach to study a wide range of stages of the evolution of protostars and
pre-main sequence (pre-MS) stars. I have investigated, via an infrared and multi-epoch X-ray
study of the L1630 dark cloud, whether and how X-ray variability in young stellar objects is
related to protostellar evolutionary state. Among a subsample of 52 X-ray-emitting young stars
in L1630, I find that the earliest stages of young stellar evolution show the highest levels of
X-ray variability, indicative of high levels of magnetic activity during star formation. I also find
evidence of active magnetospheric accretion in three L1630 stars with circumstellar disks.
I also present multiwavelength analyses of several phenomenologically interesting young stars
at di↵erent stages of pre-MS stellar evolution. I investigate, via contemporaneous X-ray and
optical/IR observations, the nearby, pre-main sequence star/disk systems T Chamaeleontis (T
Cha) and TWA 30A and 30B. I analyze X-ray and optical emission signatures of accretion and
magnetic activity in T Cha, and infer the X-ray absorbing properties of its circumstellar disk.
Like T Cha, each component of the wide binary TWA 30A and 30B is viewed through a highly
inclined circumstellar disk. Both TWA 30A and 30B display large near-IR variability, suggestive
of (respectively) variable obscuration of the stellar photosphere and a possible disk-rim warp.
In the case of T Cha and TWA 30A, I find a correlation of optical/near-IR and X-ray extinction
consistent with that of photospheric obscuration from an intervening disk clump.
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Chapter 1

Star Formation: An Introduction
1.1
1.1.1

Introduction
Star Formation: The Short Story

Multiwavelength observations of young stars are essential in understanding pre-MS stellar evolution, from shortly after the collapse of a molecular cloud to as late as the dissipation of the
circumstellar disk. Stars and their disks form as a result of the gravitational contraction of
molecular clouds. Molecular clouds that collapse to form stars have an initial angular momentum [9, 30, 66]. As the cloud collapses, it will spin up in order to conserve angular momentum
and a disk will eventually form. Many observations confirm the existence of circumstellar disks
around young stars [46, 91, 112, 155]. The earliest formation of stars can be separated into two
stages consisting of the early collapse phase and the main accretion phase. During the early
collapse phase the molecular cloud contracts (i.e., increasing in density and temperature) and
the densest part of the cloud eventually becomes optically thick to its own photons and begins
to heat up and form a quasi-stable core. When the cloud reaches the dissociation temperature
of H2 (T⇠2000K), a second core forms as the energy that was initially used to heat the surrounding gas and resist contraction, is now used to dissociate H2 . During the main accretion
phase, gas in-falling from the circumstellar envelope accretes onto the disk while disk material
accretes onto the second core. Eventually the first core becomes the circumstellar disk and
1
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the second core continues to accrete mass from the disk to become the protostar. Theoretical
evidence of these two cores reflecting the thermodynamics of a collapsing cloud was provided
by Larson [101] and Masunaga & Inutsuka [106].
Before investigating characteristics of young stars, it is useful to classify them by their stage of
evolution toward the H-burning main sequence. Young stellar objects (YSOs) are pre-MS stars
and the time it takes a YSO to reach the main sequence, starting from the formation of the
second core, is mass-dependent. It can range from approximately a few Myrs for ⇠ 2 M stars
to ⇠100 Myrs for the lowest mass stars. Pre-MS stars  2 M can be classified in three general
evolutionary categories via observational techniques. The protostellar stage is the earliest stage
of star formation and usually consists of a deeply embedded core and/or envelope/disk system.
During this stage, the mass of the circumstellar envelope is much greater than the mass of the
central protostar and protostellar disk [157] and the star is optically invisible (i.e., most of the
dust absorbs and reradiates the protostars radiation in the infrared). This stage usually lasts
.0.5 Myr [50]. Large amounts of accretion and mass transfer from the circumstellar envelope to
the proto-circumstellar disk and protostar eventually build up the mass of the star-disk system
until the envelope is depleted of material and the young star enters the Classical T Tauri Star
(cTTS) stage. The cTTS phase lasts ⇠2-3 Myr [157] and consists of a warm pre-MS star (T⇠
star) and Keplerian circumstellar disk composed of both gas and dust. During this stage the
central star continues to feed by accreting mass from the circumstellar disk via magnetospheric
accretion processes. During this stage the star becomes optically visible and the disk mass
drops to a few percent of the stellar mass [157]. Eventually the gas disk dissipates –likely due
to one or more of potential dissipation mechanisms (see section 1.2.1.4)– and the third, and
final, stage of young stellar evolution begins. This weak-lined T Tauri Star (wTTS) stage is the
last stage before the stars core reaches the ⇠ 10 MK temperature required to fuse hydrogen.
This stage is characterized by a warmer pre-MS star, sometimes with a debris disk, but little
to no signatures of accretion. The material in this thesis is focused on addressing questions
concerning low-mass ( 2 M ) pre-MS stars. For a review of massive (

2 M ) star formation,

see Tan et al. [146], Zinnecker & Yorke [162].
Multiwavelength observations of young stars are essential in understanding the multitude of
astrophysical processes at work during each of these stages of star formation. The vast di↵erences
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in temperature –i.e., from the cold (T⇠5K), dense “dead zones” of circumstellar disks to the
hot (T⇠100MK) magnetically heated corona – require observations from the radio to X-ray
regimes to observe such a huge range of temperatures. Furthermore, the environments of deeply
embedded stars, or deep interiors of disks, are opaque at optical wavelengths, thus observations
outside of visible wavelengths are necessary to investigate protostellar characteristics. Radio
and sub-mm observations trace both the earliest stages of star-formation, when a cold molecular
cloud collapses to form a young stellar object (YSO) and the later stages of star formation by
probing the densest parts of the disk [157]. Infrared observations are useful for probing dust
in envelopes and detecting infrared excesses due to dust, typical of circumstellar disks around
YSOs [43, 150, 163]. Optical observations are most sensitive to observing photospheric emission
and thus are used to estimate spectral type, age, and accretion activity [40]. Ultraviolet and
X-ray emission, sensitive to hot chromospheric and coronal activity, respectively, trace magnetic
activity and accretion processes in young stars [54],.
Star-disk interactions are both complex and necessary to explain many theoretical and observational questions regarding star formation. Such interactions govern the transfer of angular
momentum from disk to star [e.g., mass accretion, magnetic reconnection, circumstellar jets;
52, 75, 92], the chemical evolution of circumstellar disks [33], and the eventual dissipation of
the circumstellar disk [121]. Detailed analyses of X-ray observations, combined with multiwavelength observations, provide a means to study these processes in detail and to address
fundamental questions concerning the role of high energy radiation throughout the entire starforming process.

1.1.2

Context: Why is the Study of Star and Planet Formation Important?

All life on Earth depends on the Sun. The evolution of life has depended on the mass, composition, magnetic field, and evolution of the Sun over billions of years. However, the Sun was not
always the way it is now, much like the Earth was not always one big rock with vast oceans and
atmospheric chemistry essential for life. Understanding the evolution of a cloud of molecular
gas to the collection of rock and water we call Earth can directly address questions concerning
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the origin of life in our Solar System. On the eve of direct observations and possibly the characterization of thousands of new planets, scientists can directly address the following question:
where and how did life emerge? Studies of star and planet formation lie at the very center of
this question as they provide essential information concerning the raw material needed for life
as we know it. As we cannot observe the process of star formation in real time, we must turn
to the sky and observe “snapshots” of stars and planets forming in the Sun’s vicinity to try and
understand how each stage of early stellar evolution may have impacted the environment from
which we all came.

1.2
1.2.1

The Formation and Role of Circumstellar Disks
Circumstellar Disks: Composition and Processes

Circumstellar disks orbiting pre-MS stars contain a rich chemistry of atomic and molecular
species that govern the early evolution of their host stars and the formation of planets. These
rotating disks of gas and dust around low-mass ( 2 M ) stars are the natural result of the
conservation of angular momentum during the gravitational collapse of a molecular cloud core.
While the role of magnetic fields during the formation of circumstellar disks (i.e., the aftermath
of protostellar envelope accretion onto a protostar and proto-circumstellar disk) is still uncertain,
numerical models of both magnetic and non-magnetic collapse suggest this transition is short
lived [⇠ 104 years; 157, 161]. This theoretically inferred rapid transportation of mass within
a short time period is observationally supported [48]. Pre-MS circumstellar disks can extend
tens to hundreds of AU and are strongly influenced by their host protostar. Circumstellar disks
contain both gas and dust, and each of these components plays a unique role in disk chemical
enrichment, disk dispersal and the eventual formation of planets.

1.2.1.1

The Role of Dust

The composition of circumstellar disks containing both gas and dust is believed to show strong
departures from gas to dust ratios typical of that of the ISM. While the early stages of disks may

Chapter 1. Star Formation: An Introduction

5

have gas to dust ratios more similar to that of the ISM, this ratio changes rapidly (within ⇠1-10
Myr) as accretion proceeds, planets form, and the disk dissipates. Furthermore, due to a range
of physical processes, the gas and dust becomes unevenly mixed and eventually the gas and dust
become decoupled. The most obvious distinction between gas and dust in circumstellar disks
with respect to disk evolution is their phase di↵erence. Unlike gas, dust is in a solid state and
this phase di↵erence has profound e↵ects in circumstellar evolution, one of the largest being
the eventual formation of protoplanets. Dust is present in both small (micron) and large (mm
) grains, and the transport of these dust grain populations in disks can be caused by several
mechanisms such as turbulent mixing, vertical settling, radial drift and agglomeration (Figure
1.1). All of these are discussed in detail in [150]. Turbulent mixing occurs for small grains that
are still coupled to the gas via advection resulting from the viscous evolution of the disk. Gas
and dust are subject to gravitational, centrifugal and pressure forces however; the pressure force
on large dust grains is negligible. This results in a slight di↵erence in velocity between the gas
and dust orbiting in a disk. This velocity di↵erence causes a drag force acting on the dust and
decelerates large dust particles, removing angular momentum, and transporting such grains in
towards the inner disk. Dust settling (i.e., agglomeration of small dust grains to larger grains
and consequent migration to the center of the disk plane), is a result of the drag force from the
circumstellar gas acting on a dust particle in Keplerian rotation that is above the mid-plane
of the disk. That is, without the presence of gas, a dust particle above the mid-plane would
vertically oscillate due to orbital motion; but the drag force from the gas acts to transport the
dust to the mid-plane.

1.2.1.2

The Role of Gas

Circumstellar gas initially represents ⇠99% of the total mass of circumstellar disks and provides
a rich chemistry that is governed by both viscous heating and protostellar radiative heating.
Like the ISM, most gas in circumstellar disks is initially molecular hydrogen (H2 ) although
observations of such molecules can be difficult. The composition and chemistry of gas can change
radically from the inner regions of the disk to outer regions of the disk where temperatures reach
below the freeze-out point for particular molecular species. In the outer regions of circumstellar

Chapter 1. Star Formation: An Introduction

6

Figure 1.1 Illustration of a cTTS disk from Testi et al. [150] showing the dust grain transport
and collision mechanisms (left) where the lengths of the arrows correspond to the velocities of
di↵erent grains. The telescopes (and their associated wavelengths) used to probe di↵erent layers
of the disk are shown (right).
.
disks, where heating from the central star is minimal, molecules freeze out of the gas phase and
condense onto the surfaces of dust grains [17]. Dust grains with condensed frozen molecular
mantles continue to collisionally agglomerate [19]. Each molecular species has its own “snow
line”, a distance from the star after which the gas (if present) will freeze onto the dust grains,
essentially making that species unobservable in the gas phase. Snows lines for di↵erent species
have long been suspected but only recently has one such snow line –for CO– been observed
[128]. The snow line has important implications for the chemical evolution of the outer regions
of the disk because it removes particular species from the list of possible reactions [128].
Gas content in circumstellar disks also plays a pivotal role in the creation of “Hot Jupiters” and
other extrasolar gas giants. The vast majority of Jupiter mass planets detected in extrasolar
planetary systems have been found to orbit at very short distances from their host star (check).
While the frequency at which these planets are detected is biased, (i.e., they are more easily
detectable via both the radial velocity and transiting methods than planets in large orbits), it
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is currently believed that these planets form in the outer parts of their host disks and migrate
inward [31, 108].

1.2.1.3

Heating the Soup: Photo-ionizing the circumstellar Disk

Circumstellar disk heating via radiation from the central pre-MS star mostly a↵ects the upper
layers of the disk, which react to the incident flux by flaring above the mid-plane. Such flaring
increase the solid angle of the disk as seen by the star, allowing even more stellar photons to
irradiate the surface. The heating and ionization of circumstellar gas is also very important to
the chemical evolution of disks; this heating and ionization provides both catalysts for chemical
reactions and a stronger interaction with the protostellar magnetic field (Section 1.2.2). Many
studies have been published modeling the physical and chemical structure of protoplanetary
disks [47, 67]. The processes believed most responsible for photoionization in circumstellar
disks are UV and X-ray illumination and cosmic ray particle interactions. In particular, recent
theoretical studies predict that X-rays from the vicinity of the pre-MS star are important sources
of ionization of circumstellar disk gas and, most likely, trigger disk gas photoevaporation during
the last phases of the disk lifetime [49, 65, e.g., ]. Hard X-rays (E > 1 keV) from the central star
are less strongly a↵ected by atomic gas absorption and can penetrate deep into the circumstellar
disk, while the soft X-rays are e↵ectively absorbed in disk surface layers. Inclusion of such an Xray radiation field is therefore essential in order to account for gaseous emission features across
the full range of disk radii (hence densities, temperatures and ionization states)–as vividly
demonstrated in the case of TW Hya by Gorti et al. [68]. In general, as the energy of the
light/particle increases, so does the depth at which it can efficiently ionize disk gas. This results
in cosmic rays being able to reach the densest parts of the mid-plane, X-rays ionizing the midto-surface layers and UV responsible mainly for surface ionization. Simulations performed in
Cleeves et al. [33] and their e↵ect on disk properties are shown in Figures 1.2 and 1.3.
Cosmic rays appear to be the most efficient source of ionization that can reach the mid-plane
(i.e., the part of the disk where planetesimals are forming). However, a recent study has shown
that if T Tauri stars generate the equivalent of a magnetic heliosphere, then the cosmic ray
ionization flux should be several orders of magnitude smaller than that of the ISM Cleeves et al.
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Figure 1.2 Circumstellar disk heating model from Cleeves et al. [33] showing model (a) gas
density, (b) dust density, (c) dust temperature, (d) gas temperature, (e) integrated X-ray- and
(f) UV-radiation fields. This model assumes a UV spectral shape of TW Hya and an X-ray flux
with an LX = 1029.5 erg s 1 between 0.1 and 10 keV.

Figure 1.3 Relative contribution of each wavelength to the total ionization rate from Cleeves
et al. [33] for (a) stellar UV, (b) stellar X-rays, and (c) cosmic rays fluxes. Hatched regions
display the region of the disk where each respective source of ionization provides > than 30%
of the total ionizations per unit time per unit volume. In this model, a standard ISM cosmic
ray ionization rate has been used.
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Figure 1.4 Model disk X-ray ionization rates from Cleeves et al. [33] assuming X-ray luminosities
of (a) LX = 1028 erg s 1 , (b) LX = 1029.5 erg s 1 , (c) LX = 1031 erg s 1 . The bottom panel
has a harder X-ray spectrum representative of a flaring T-Tauri star.
[33]. The presence and strength of magnetic fields have been measured around several T Tauri
stars and the generation of a “T-Taurishphere” appears to be a natural consequence of such
magnetic activity. The Solar heliosphere has been shown to decrease the cosmic ray flux in the
solar system and the analogous process may operate to an even stronger degree around other,
more magnetically active young stars. Cleeves et al. [33] suggested that for magnetically active
protostars with sufficiently large X-ray luminosities, the cosmic ray flux falls far enough below
the X-ray ionizing flux that cosmic rays can therefore be neglected throughout the disk as a
significant source of mid-plane ionization. Alternatively, at sufficiently high X-ray luminosities
[LX ⇠ 1029 erg s

1;

33], X-rays may be the most efficient ionization mechanism at the midplane

of the disk (Figure 1.4).

Chapter 1. Star Formation: An Introduction
1.2.1.4

10

Disk Dissipation

Disk photo-evaporation due to the incident flux of the central protostar can be described by
an evaporation rate; such photoevaporation rates can reach ⇠ 10

7

solar masses per year [121].

FUV, EUV and X-ray photons and cosmic rays heat the gas such that surface atoms reach velocities larger than their escape speed; i.e., photon heating provides this gas with enough energy
to become unbound from the star. Photoevaporation of disk material has been observed using
mid-IR [Ne II] line emission, with wind speeds ⇠10 km/s [137]. Such disk photoevaporation is
believed to play a large role in the eventual dissipation of the circumstellar disk– although the
precise mechanism which removes all of the circumstellar gas is still disputed [7].
The evolution of a circumstellar disk to a planetary system can be generalized as follows and
is illustrated in Figure 1.5. The disk first acts as a reservoir to supply material for stellar
accretion. During the early evolutionary stages of circumstellar disks, the mass accretion rate is
larger than the photoevaporation rate and as the inner disk accretes mass onto the star, the outer
disk acts as a mass reservoir. Eventually, the accretion rate drops to levels below that of the
photoevaporation rate, and accretion is halted. When the outer disk can no longer feed the inner
disk, the inner disk is drained and an inner hole is formed [157]. When the photoevaporation
rate is larger than the accretion rate, disk heating via protostellar illumination begins to play
a larger role. During the ⇠ 2-3 Myr timescale of disk evolution, dust is settling towards the
mid-plane and becoming decoupled with the gas [150]. As the disk gas absorbs incident light,
it flares up and begins to lose mass via photoionization. The incident light also penetrates the
circumstellar disk surface, ionizing molecular gas and thereby catalyzing the chemistry of the
disk. Grain agglomeration/collision processes build grain sizes forming pebbles, rocks, boulders
and eventually planetesimals. Gas can then accrete onto these large solid bodies and/or freeze
onto their surfaces forming giant planets, comets, and Kuiper belt like objects. The gas that
does not get incorporated into planets and/or rocks is removed from the system either by
photodissociation or stellar winds.
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Figure 1.5 Illustration of disk evolution for a typical young star where gas distribution is shown
in blue and dust distribution in red from Williams & Cieza [157].

1.2.2

Star-Disk Interactions via Magnetic Fields

Magnetic fields likely play a significant role throughout all stages of star formation, from core
collapse to the accretion of disk material to the propagation of jets and winds. The origin of the
magnetic field that drives many emission processes in stars of mass  2 M , likely including
pre-MS stars, is usually described in terms of dynamo theory. At the base of the convective zone,
the di↵ering rotation rates with latitude create strong shearing that sets up electric currents
in the highly conducting plasma in the stellar interior. The Coriolis e↵ect in the overlying
convective zone then increases the strength of the magnetic field [118].
For stars  2 M , from the reference frame of the region below the tachocline (i.e., the radius
at which di↵erential rotation occurs), convective bubbles appear to curve to the left or right
depending on stellar latitude. This curving of regions with charged particles induces electric
fields which a↵ect the magnetic field structure of the star. Since the surface of the star is
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di↵erentially rotating, it will “carry” the magnetic field at latitude-dependent-rates, resulting
in the winding up of magnetic field lines. This interaction between convection and rotation
hence produces a magnetic dynamo at the base of the convective zone that is likely responsible
for a host of phenomena associated with magnetically active stars: star spots, a hot, optically
thin chromosphere, and a magnetically confined coronal plasma occasionally undergoing strong
flares and perhaps mass ejections [74]. Such processes ultimately result in coronally-generated
X-ray emission. The distribution and magnitude of magnetic fields near the surface of stars is
a good proxy for the strength of an internal magnetic dynamo; thus, observations of coronal
activity, via X-ray emission, e↵ectively probe the internal and surface magnetic field strengths
of stars [123]. For magnetic field generation in more massive stars (

2 M ), the convective

zone lies below a radiative envelope and therefore magnetic field generation can be suppressed
near the surface of the star.
The equatorial rotation speed (i.e., rotational period) of our Sun that contributes to the production of the Solar magnetic field is ⇠30 days. Such a rotation period is typical of main sequence
stars; however, pre-MS stars are much faster rotators (Prot typically 1-5 days) and thus generate
much stronger magnetic fields [21]. Indeed, whereas the Sun’s typical surface field strength is
⇠1 Gauss, much stronger surface magnetic fields (of order ⇠kG) have been observed in pre-MS
stars [89]. The majority of B field measurements reported have relied on the Zeeman E↵ect,
where individual atomic levels are split the presence of a magnetic field, thereby splitting the
resultant emissions lines. The presence of strong magnetic fields suggests many young stars
to be more coronally active than main sequence stars (Figure 1.6). Such activity can be best
diagnosed via X-ray observations. These high levels of coronal activity are evident in pre-MS
stars because they tend to be significantly more X-ray luminous (LX /Lbol ⇠ 10
sequence stars (LX /Lbol ⇠ 10

6 ).

3)

than main

The stark di↵erence in X-ray luminosity between the two

stages of evolution is mainly due to an amplification of the magnetic dynamo process in pre-MS
stars resulting from their relatively fast rotation and stronger, deeper convective activity. In
fact, the direct correlation between stellar surface magnetic flux and stellar X-ray luminosity
has been demonstrated [Figure 1.7 123].
In the case of protostars and cTTSs, the magnetic field generated by the central pre-MS star can
extend past the inner edge of the circumstellar disk, possibly leading to star-disk interactions
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Figure 1.6 Properties of the large-scale magnetic topologies of low-mass stars and how they
depend on rotation period and mass from Donati & Landstreet [40]. The relative sizes of the
objects are indicative of the magnetic energy density of the star (larger object corresponds to
larger energy density). Red color indicates purely poloidal field while blue indicates a purely
toroidal field. The degree of axissymmetry is shown by the shape of each object. A decagon
represents a purely axisymmetric field while a star represents a purely non-axis symmetric
poloidal field. The smallest symbol corresponds to a field strength of 3G and largest corresponds
to a field strength of 1.5kG. The Rossby number R0, the ratio of the stellar rotational period
to the convective turnover time, is shown as gray dotted lines (using the convective turnover
times of Kiraga & Stepien [97].
[28, 52]. In the presence of a magnetic field, charged particles will feel a Lorentz force. Therefore,
if a circumstellar disk is sufficiently ionized, protostellar-rooted magnetic field lines truncating
the disk provide a mechanism for the star and disk to interact. Obviously in the case of stardisk interactions – e.g., magnetic braking, magnetically-funneled accretion, disk instabilities
resulting in accretion outbursts, and/or magnetically confined plasma suddenly released in stardisk magnetic-reconnection events– a circumstellar disk must be present. Hence, for star-disk
interactions that produce X-rays, magnetic activity due to such interactions should only be
present during Class I, Class II and transition disk stages of evolution.
Magnetically funneled accretion occurs when a protostellar generated magnetic field truncates
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Figure 1.7 X-ray vs magnetic flux relationship in the Sun and stars from Pevtsov et al. [123].
Plotted are G, K and M dwarfs (crosses), T Tauri Stars (circles), Solar X-ray bright points
(squares), Solar active regions (diamonds), “quiet” Solar measurements (dots) and Solar disk
averages (pluses)
a disk and circumstellar material flows along the magnetic field lines and eventually accretes
onto the star at free fall velocity. This mass-infall, depending on the mass of the star, converts
its gravitational potential energy to kinetic energy via impacting the stellar photosphere and
heating it to temperatures observable in the UV and X-ray regimes [136]. Accreting material
produces accretion columns, i.e., regions of high density, high temperature gas above the surface
of pre-MS stars. Accretion shocks in YSOs are associated with “cool” (⇠ 3 ⇥ 106 K), highdensity X-ray emitting plasma [e.g., 24, 92]. The accretion columns rotate with the star and
display periodicity on with timescales on the same order as the stellar rotation period [41].
Theoretical accretion column structure and hot spot (i.e., impact region which heats up the
stellar photosphere) geometry are shown in Figure 1.8.
So-called “magnetic reconnection events” are a means by which protostellar magnetic energy can
converted into plasma kinetic energy. Such events are described by a localized rearrangement
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Figure 1.8 Global 3D magnetohydrodynamic simulation of magnetospheric accretion onto the
cTTS V2129 Oph from Romanova et al. [133]. Comparison of matter flow and accretion “hot
spots” for a dipole+octupole magnetic field configuration (left) and a pure dipole magnetic field
configuration (right).
of magnetic field lines and are believed to be commonplace in magnetically active systems.
This process has been inferred to operate in many types of astrophysical systems (e.g., stars,
accretion disks, and galaxies) and has also been observed in a laboratory setting [165]. Magnetic
reconnection events on both small (coronal) and large (star-disk) scales are believed to be at least
partially responsible for heating up plasma to temperatures observable in the X-ray regime[52,
54]. Magnetic reconnection events are associated with flaring and may also be associated with
periods of highly elevated YSO accretion rates [95]. In the case of stellar X-ray flares, analyses of
the flare decay timescale can provide measurements for flare size, peak plasma density, pressure,
and minimum confining magnetic field strength [52].

1.2.2.1

Relating X-ray Emission Variability to Protostellar Magnetic Activity

As a consequence of star-disk interactions, young stars have been observed to vary over wide
ranges of timescales [22]. For example, the magnetospheric accretion process can vary on di↵erent timescales due to a variety of mechanisms [as discussed in 22]: non-steady accretion [hours;
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144], coronal loop flaring [days; 52], rotational modulation [weeks; 142], global magnetospheric
instabilities [months; 23], and major accretion-driven eruptions [years; 82]. This suggests that
the X-ray production and/or variability produced by star-disk interactions should depend on the
stage of young stellar evolution. Multi-epoch X-ray observations of star-forming regions (e.g.,
Chapter 2) are thus ideal to investigate such magnetic activity for young stars in di↵erent stages
of stellar evolution. Furthermore, many young stars show variable accretion rates as probed by
H↵ optical emission lines [e.g., 1, 139], which in turn appears to be closely linked to soft X-ray
variability in some cases [44]. It has also been argued that disk instabilities associated with
planet formation could lead to observed variable accretion rates [138, and refs. therein]. So
called “transitional disk” objects like T Cha (see Chapter 4) –pre-MS stars with an inner hole
in the disk likely cleared out by a forming planet [39, 104]– are natural targets to investigate
possible planet formation induced accretion variability.

1.2.2.2

Magnetic Activity in the Lowest Mass Stars

The early evolution of magnetic activity in very low mass pre-MS stars – stars of mid-M type,
which lie near the H-burning limit of 0.08 M – is very poorly understood. Yet understanding
this pre-MS evolution is crucial for determining the emerging di↵erences in internal structure
between very low-mass pre-MS stars and very young brown dwarfs. During pre-MS evolution,
the spectral type boundary that determines which stars will eventually become M spectral types
vs. (L-type) brown dwarfs – a boundary that is age-dependent – remains poorly constrained.
Radio observations of gyrosynchrotron emission in stars probe the direct e↵ects of magnetic
activity in both pre-MS and MS stars [5, 15]. Since both radio emission and X-ray emission probe
magnetic field activity, a clear relationship can be seen for main sequence stars (log[LR /LX ]
⇡ constant); however, this relationship breaks down for MS stars at spectral type ⇠M7 [15,
; Figure 1.9]. Specifically, main sequence stars of type ⇠M7 and later are several orders of
magnitude less X-ray luminous than earlier types. The LX vs. LR breakdown previously has
been attributed [14, 16, 26, 120] to the efficiency of trapping relativistic electrons, which could
reduce the potential for coronal and chromospheric heating or reduce the number of free ions
in the cool atmospheres of dwarf stars [15].
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Figure 1.9 Radio and X-ray luminosity relationship for main sequence M and L type stars
exhibiting coronal activity [15, and references therein]. M0-7 stars are indicated as stars, laterM & L-type stars as circles and triangles. The majority of M0-M5 stars are characterized with
a log(LR /LX ) ⇠ -15 whereas later types are characterized by much larger log(LR /LX ) values
due to their significantly (orders of magnitude) lower X-ray activity levels.
The narrow range of spectral types where this relationship breaks down for MS stars is roughly
the same spectral type where a transition to predominantly neutral atmospheres occurs [114].
Berger [15] concluded that because magnetic field strengths for M dwarf stars did not decrease
significantly, the decrease in X-ray activity (as well as H↵) toward late M types is related to
changes in magnetic field configuration or the decreasing ionization fractions in the atmospheres
of these stars. Reducing the ionization fraction will reduce the amount of material that interacts
with the magnetic field.
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By determining the age at which this dramatic decrease in X-ray activity occurs for very latetype stars, we can gain insight into the early (pre-MS) stellar evolution of stars that lie at
the low-mass-star/brown dwarf (H-burning) boundary. Young (. 1 Myr) pre-MS M stars (>
M6) in the Orion Nebula Cluster (ONC) were studied by Preibisch & Feigelson [126] as part
of the Chandra Orion Ultradeep Project [COUP; 61]. Preibisch & Feigelson [126] found 9 of
34 spectroscopic brown dwarfs (M < 0.075 M ) were detected in X-rays – but of the 9 X-ray
detected brown dwarfs, 8 of them are < 1 Myr old (Fig. 1.10). This higher detection fraction for
young (< 1 Myr) pre-MS M stars, relative to older (10-100 Myr) M stars, may indicate the onset
of decreased X-ray activity in pre-MS late M-type stars on their way to becoming degenerate.
Furthermore, constraining X-ray emission from pre-MS low-mass mid-to-late M stars – i.e., the
stars that will evolve to become MS late type M stars and brown dwarfs – o↵ers a means to
investigate the earliest stages of the apparent breakdown of the relationship between X-ray and
radio luminosity (Fig. 1.9).

1.2.3

Identifying and Classifying Young Stars

Typically stars form from large molecular clouds. Hence, they usually reside in groups called
star-forming regions. Low mass ( 2 M ) pre-MS stars are typically detected by searching for an
infrared “excess” in their spectral energy distribution (SED). A young star with a circumstellar
disk will be brighter in the infrared and mid-IR than the photosphere of a star alone. Infrared
excess is the result of thermal emission from dust in the circumstellar disk. The amount of
thermal emission at longer IR wavelengths indicates the relative amount of cooler disk dust
(i.e., earlier stages of star formation). Numerous studies employ this technique using infrared
emission to detect the presence of a circumstellar disk and/or infalling envelope and therefore,
detect pre-MS stars [100, 109, 145]. To classify YSOs of low masses ( 2 M ), the slope of the
SED is measured using the IR spectral slope from 2 µm to 10-25 µm [↵; 69, 99, 156]. Class 0
objects represent an early stage of stellar evolution preceding Class I, during which the mass
in the envelope is significantly higher than that of the central protostar [6]. Such objects are
characterized by a lack of detectable near-IR counterparts and a steady increase of flux from
the mid-IR to the submillimeter regime. Objects with a rising infrared continuum (↵ ¿ 0.3) are
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Figure 1.10 H-R diagram for the spectroscopically confirmed ONC brown dwarfs. The ordinate
is stellar luminosity as a fraction of solar luminosity. Objects detected as X-ray sources in the
COUP data are marked by crosses [126]. The evolutionary tracks (dotted lines) and isochrones
(solid lines) are from D’Antona & Mazzitelli [38]. The X-ray detection fraction of brown dwarfs
in this figure is much larger for ages < 1 Myr compared to ages & 10 Myr. Note that the
evolutionary tracks indicate that objects as early as M4-M5 may be brown dwarfs in the age
range of interest here (10-100 Myr), which is perhaps related to the very low detection rates of
such stars in the COUP data.
designated as Class I sources and are thought to be composed of a remnant infalling envelope
surrounding the protostar-disk system. Class II objects have decreasing IR SEDs (-1.5 < ↵ <
-0.3) and hence most likely have dissipated their outer envelopes, i.e., they consist of a pre-MS
star and disk; Finally, Class III objects [↵ < -1.5; 4] have little or no detectable IR excess and
hence likely have almost completely dissipated their disks. This classification scheme is similar
to that mentioned in Section 1.1.1, where Class 0/I YSOs are protostars, Class II YSOs are
cTTSs and Class III YSOs are wTTSs. An illustration of YSO evolution is displayed in Figure
1.11 and a detailed illustration showing observable properties of a typical cTTS (Class II) is
shown in Figure 1.12.
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Figure 1.11 Spectral energy distribution and approximate lifetime for each stage of YSO evolution. Note that the lifetime of each stage will be dependent on YSO mass. This figure is a
collection of work from Lada [99] and André et al. [6] and has been reprocessed by N. Grosso.
Pre-MS stars with little or no detectable disk (i.e., wTTSs) cannot be identified via infrared
excess. However, such objects can be efficiently detected in the UV and X-ray, thanks to their
high levels of chromospheric or coronal activity (as described in Section 1.2.2). Several thousand
nearby young star candidates have been discovered using this UV and X-ray activity-based
technique combined with analysis of their space motions [131]. Spectral features associated
with youth can also be used as an age indicator [164]. Such features include H↵, He, and Na
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Figure 1.12 Star, disk and magnetic field schematic of a typical cTTS from Feigelson & Montmerle [54] depicting magnetically funneled accretion streams resulting from the truncation of
the circumstellar disk by magnetic field lines.
I emission and Li absorption [132]. H↵ activity can be associated with accretion and young
stellar chromospheres [139]. Proper motion and radial velocity measurements are an essential,
complimentary means to confirm whether a nearby star is young and to determine membership
in a star forming association; one can obtain an independent estimate of the star’s age based
on using the age of the association [132].
Deeply embedded Class 0 and Class I protostars can be difficult to detect without mid-IR
observations due to their lack of warm dust. Instead, such protostars are readily detected at
radio and submm wavelengths [157]. Many observations of the earliest stages of star formation
have resulted in the detection of outflows, jets and circumstellar envelopes. Herbig-Haro objects,
characterized by the circumstellar jets, can strongly a↵ect their star-forming environment due
to the fast jet-velocities [⇠100 km/s 12] interacting the the ISM. Polarimetric observations of
protostellar cores elucidate magnetic field orientation [86] and have the ability to investigate
the transition from molecular cloud magnetic field to nascent protostellar magnetic field.
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X-ray Spectral Modeling

X-ray observations of young stars o↵er a means to estimate a host of magnetic and environmental
properties. As discussed in earlier sections, X-ray emission is produced by hot coronae and/or
accretion-shocked-gas in young stars. The X-ray continuum in young stars is produced via
thermal bremstrahlung when plasma is heated to temperatures T

1 MK. Line emission can

also be seen depending on the composition and temperature of the emitting region. In the case
of strong X-ray sources, spectral models can be fit to data in order to constrain emitting plasma
properties (e.g., temperature, emission measure, luminosity) as well as the foreground absorbing
column density (NH ). The column density can be constrained, assuming some gas abundances,
because soft X-rays (0-2 keV) su↵er absorption by hydrogen ( .0.5 keV) and by C, N, O and
Ne [. 2.0 keV 158]. An example of a low-resolution imaging spectrum and model fit is shown
in Figure 1.13 and a comparison is shown in Figure 1.14 between the model fit in Figure 1.13
with and without absorption.

Figure 1.13 An example of a highly absorbed Class 0/I YSO from L1630 (Principe et al. 2014;
Chapter 2). A single temperature absorbed thermal plasma model (histogram) is fit to the
Chandra X-ray spectrum (crosses) and the residuals are shown (bottom).
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Table 1.1 Telescope/Instrument Data Present in Thesis
Wavelength

Mode

Filter Bandpass [nm]

Spat. Res./Res. Power1

Project

MIPS

Mid-IR

Imaging

24000-160000

3-5”

L1630

IRAC

Infrared

Imaging

3600-8000

10”

L1630

IRTF

SpeX

near-IR

Spectroscopy

600-2500

100, 1500

TWA 30

SSO

WiFeS

VLT

XSHOOTER

Telescope

Instrument

Spitzer

Chandra

XMM-Newton
1

optical

Spectroscopy

330-900

7000

T Cha

Near-IR

Spectroscopy

1020-2480

3890-10500

TWA 30

XSHOOTER

Optical

Spectroscopy

550-1020

5400-18200

TWA 30

XSHOOTER

Near-UV

Spectroscopy

300-560

3300-9900

TWA 30

ACIS-I

X-ray

Imaging2

0.12 - 3.1

0.69 ”

L1630, T Cha

ACIS HEG

X-ray

Spectroscopy

0.15 - 1.5

1070

T Cha

ACIS MEG

X-ray

Spectroscopy

0.25 - 3.1

970

T Cha

EPIC-pn

X-ray

Imaging2

0.12 - 12.4

5”

TWA 30

EPIC-MOS1/2

X-ray

Imaging2

0.12 - 8.3

5”

TWA 30

Approximate values of spatial resolution for instruments with “Imaging” mode and resolving power for instruments with “Spectroscopy”
mode. 2 The arrival rate of X-rays combined with the fast readout time and energy discrepancy of the detector allow ACIS-I and
EPIC-pn/MOS to function as both imaging and spectroscopy detectors.

Modeling of Chandra/ACIS CCD spectra of star/disk systems indicate that X-ray absorption is
correlated with disk inclination [91]; however, little is known about the X-ray absorbing disk gas
and dust. To e↵ectively model X-ray absorption by disk gas and, hence, understand the impact
of X-rays on circumstellar disk chemistry, it is imperative to unambiguously establish intrinsic
X-ray source properties (e.g. plasma temperature, coronal and/or accretion signatures). With
high resolution X-ray spectroscopy, such fundamental source physical conditions can be inferred
from the line ratios of atomic species. He-like to H-like Ly↵ line ratios can be used to derive
an estimate of the temperature distribution of the emitting plasma in MS and pre-MS stellar
sources [85, 117, 149]. Meanwhile, potential diagnostics of plasma density can be determined
from the ratios of the forbidden to inter-combination line intensities within the triplet line
complexes of He-like ions [(e.g. Mg XI, Ne IX, OVII; e.g, 24, 85]. Such lines are shown in the
high resolution X-ray spectrum of the nearly pole-on pre-MS star TW Hya (Figures 1.15 and
1.16). In cases of edge-on or nearly edge-on circumstellar disks, the intrinsic X-ray spectrum of a
protostar is partially absorbed; i.e., the gas preferentially absorbs low energy X-rays. However,
using the above techniques to unambiguously determine intrinsic X-ray properties (i.e., the
electron density and temperature of shock-heating gas from accretion), the “un-absorbed” Xray spectrum can be at least partially reconstructed. Comparing this “unabsorbed” model to
the observed spectrum can yield the absorbing properties of circumstellar disk gas.
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Telescopes and Instruments

In this thesis I present a variety of multiwavelength observations using several di↵erent telescopes and instruments. In table 1.1, I tabulate each telescope, instrument, observing mode,
wavelength, spatial resolution/resolving power, and the project(s) presented in this thesis for
which the telescope is relevant.

1.2.5

Current Questions

This thesis is aimed at the following fundamental questions: how does the temporal/spectral
X-ray emission properties of protostars and young stars depend on evolutionary state and/or
protostellar mass? How do X-rays probe coronal vs. star-disk interaction processes? What
are the gas and dust characteristics in evolved, dusty, protoplanetary disks at the epoch of
giant planet formation? I address these questions using both a macroscopic and microscopic
approach.
In Chapter 2, I present my published work entitled “Star Formation in Orion’s L1630 Cloud: an
Infrared and Multi-epoch X-ray study”. I identified a total of 52 X-ray emitting young stellar
objects and I discuss various trends between X-ray spectral properties, stage of young stellar
evolution, and their X-ray variability.
In Chapter 3, I present a contemporaneous multiwavelength spectral study of the low-mass (midM type) wide separation binary TWA 30 A and B. This binary represents an unusual case where
relatively evolved (age ⇠ 7 Myr) young stars still display (highly variable) infrared excesses
associated with the presence of circumstellar disks. Furthermore, both binary components
show forbidden emission lines (FELs) indicative of jets. Contemporaneous XMM-Newton Xray data, VLT XSHOOTER optical/near-IR, and IRTF SPEX spectra will be used to further
characterize the known variability of these sources and will provide independent measurements
of both gas and dust content in the nearly edge-on circumstellar disks. The resulting improved
understanding of the chemical composition of these evolved circumstellar disks will be of use to
planet formation, disk dynamics and disk dissipation studies. The X-ray observations of TWA
30 A and B will also be used to investigate magnetic activity in low-mass ( 0.5 M M) stars.
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In Chapter 4, I present a similar multiwavelength contemporaneous/simultaneous spectral study
of the highly inclined solar-mass pre-MS star/disk system T Cha. Chandra High Energy Transmission Grating spectroscopy will be used to determine the source of soft X-ray emission in
T Cha and will be used to further enhance our understanding of circumstellar disk chemistry.
This object was observed near simultaneously with SSO 2.3m optical spectroscopy to look for
spectral diagnostics including accretion signatures in this unique system.

Chapter 1. Star Formation: An Introduction

26

Figure 1.14 The theoretical single temperature plasma model from Figure 1.13 without absorption (top) and including absorption (bottom).
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Figure 1.15 Chandra HETGS X-ray observations of the cTTS TW Hya from Brickhouse et al.
[24]. The observed MEG spectrum (black) and model (pink) of the OVII spectral region (left)
and Ne IX region (right) displaying the resonance (r), intercombination (i), and forbidden (f)
emission lines whose ratios are used as plasma temperature and density diagnostics.

Figure 1.16 Comparison of predicted X-ray coronal (top) and accretion shock (middle) models
to the ⇠500 ks Chandra HETGS observation of the cTTS TW Hya (bottom) from Brickhouse
et al. [24].

Chapter 2

Star Formation in Orion’s L1630
Cloud: an Infrared and Multi-epoch
X-ray Study
Star Formation in Orion’s L1630 Cloud: an Infrared and Multi-epoch X-ray Study

2.1

Abstract

Note: This entire chapter has been published in the Astrophysical Journal Supplements ( Principe
et al. 2014, ApJS, 213,4).
X-ray emission is characteristic of young stellar objects (YSOs) and is known to be highly
variable. We investigate, via an infrared and multi-epoch X-ray study of the L1630 dark cloud,
whether and how X-ray variability in young stellar objects is related to protostellar evolutionary
state. We have analyzed 11 Chandra X-ray Observatory observations, obtained over the course
of four years and totaling ⇠240 ks exposure time, targeting the eruptive Class I YSO V1647 Ori
in L1630. We used 2MASS and Spitzer data to identify and classify IR counterparts to L1630
X-ray sources and identified a total of 52 X-ray emitting YSOs with IR counterparts, including
28
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4 Class I sources and 1 Class 0/I source. We have detected cool (< 3 MK) plasma, possibly
indicative of accretion shocks, in three classical T Tauri stars. A subsample of 27 X-ray-emitting
YSOs were covered by 9 of the 11 Chandra observations targeting V1647 Ori and vicinity. For
these 27 YSOs, we have constructed X-ray light curves spanning approximately four years. These
light curves highlight the variable nature of pre-main sequence X-ray emitting young stars; many
of the L1630 YSOs vary by orders of magnitude in count rate between observations. We discuss
possible scenarios to explain apparent trends between various X-ray spectral properties, X-ray
variance and YSO classification.

2.2

Introduction

Numerous Chandra X-ray Observatory and XMM-Newton studies of star-forming regions have
resulted in detections of X-ray emission from Class I, Class II, and Class III YSOs [e.g., 61,
76, 122, 125, 152]. This X-ray emission is generated in hot, circumstellar plasmas. Magnetic
reconnection events at YSOs heat plasma to temperatures >> 106 K, such that magnetic
activity at YSOs can be e↵ectively probed via X-rays. Such magnetic reconnection may be
confined to a YSO’s (proto-)corona (Preibisch et al. 2005) or may trace star-disk interactions
[96]. Furthermore, coronal emission and/or star-disk interactions are known to produce X-ray
variability [52]. Bright X-ray flares have been observed in YSOs, and are thought to result from
large magnetic loop structures, some of which extend to distances large enough to interact with
disks, if present [52]. Although T Tauri stars can be bright X-ray sources (LX ⇠ 10

3

Lbol ), the

X-ray detection of bona fide Class 0 objects is rare and controversial [80, 127, and refs. therein].
The paucity of X-ray-detected Class 0 YSOs may be due to the large (molecular cloud and
circumstellar) absorbing column densities toward such objects, or may indicate that the highenergy emission does not occur during the transition from primordial (cloud) to protostellar
(stellar dynamo) fields.
Obviously in the case of star-disk interactions – e.g., magnetically-funneled accretion, disk
instabilities resulting in accretion outbursts, or magnetically confined plasma suddenly released
in star-disk magnetic-reconnection events– a circumstellar disk must be present. Hence, X-ray
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activity due to such interactions should only be present during Class I, Class II and transition
disk stages of evolution. Accretion shocks in YSOs are associated with lower temperature
(⇠ 3 ⇥ 106 K), high-density X-ray emitting plasma [e.g., 24, 92]. The accretion process can
be time dependent on several timescales, due to a variety of mechanisms [as discussed in 22]:
non-steady accretion [hours; 144], coronal loop flaring [days; 52], rotational modulation [weeks;
142], global magnetospheric instabilities [months; 23], and major accretion-driven eruptions
[years; 82]. This suggests that the X-ray production and/or variability produced by star-disk
interactions should depend on the stage of young stellar evolution.
The Chandra Orion Ultradeep Project (COUP), a 10-day-long (⇠840 ks) X-ray observation of
the Orion Nebula Cluster (ONC; D⇠400 pc), yielded one of the nearest and richest samples
of X-ray emitting pre-main sequence stars [⇠1300 X-ray detected YSOs; 61]. Many di↵erent
characteristics of X-ray emitting YSOs were investigated, including the evolution of X-ray emission in YSOs [126], rotational modulation of X-ray emission [57], X-ray flaring [52] and X-ray
emission from “proplyds”, i.e., YSOs with circumstellar disks, and in some cases, jets [91]. The
most powerful ⇡ 1% of flares reported in the COUP survey had measured decay times in the
range 10-400 ks [52]. In a follow up variability study of the COUP X-ray data Flaccomio et al.
[56] concluded that the Class II YSOs in the COUP sample were more variable than the Class
III YSOs at all timescales (within the ⇠ 10 day observation), suggesting that time-variable
absorption from circumstellar structures (e.g., inner disk warps and/or accretion streams) is
responsible for the variable X-ray emission in Class II YSOs.
Several studies have compared the IR and X-ray properties of YSOs in nearby (D < 400 pc)
star-forming regions [59, 61, 159]. Correlations between X-ray emission and YSO classification
have been difficult to establish, however, due in large part to the highly variable nature of
YSO sources. Winston et al. (2007; henceforth W07), studied an embedded stellar cluster in
the Serpens cloud (D ⇠ 260 pc). They discussed the mid-IR spectral energy distributions of
protostellar objects detected in the submillimeter, the spatial distribution of cluster members,
and the X-ray properties of classified YSOs. Included in their classification were flat-spectrum
objects. A total of 138 YSOs were identified, 60 of which had X-ray counterparts and 7 of
which had submillimeter counterparts. W07 correlated the X-ray properties of these Serpens
YSO classes by calculating plasma temperatures, foreground absorbing column density, and
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reddening for each YSO. Although there were large uncertainties due to scatter in their data,
they conclude that there is no clear observational motivation for invoking di↵erent mechanisms
for generating X-ray emission in the Class I, II, and III phases.
Forbrich & Preibisch (2007; henceforth FP07), investigated the infrared and X-ray properties of
young stellar objects in the Coronet Cluster in the R CrA star-forming region. Although Coronet
is not nearly as rich in YSOs as the ONC, given the e↵ective exposure time of the FP07 Chandra
observations (⇠160 ks) and the proximity of the Coronet Cluster (⇠130 pc), this observation
represents one of the most sensitive X-ray studies of a star-forming region, rivaling the COUP
ONC survey. FP07 examined the X-ray properties of 23 YSOs. Their spectral fitting and light
curve analysis provided plasma temperatures, column densities, and insight into the variable
nature of young stellar objects. FP07 found that Class I and Class II objects tend to show
hotter plasma temperatures than Class III YSOs. FP07 also asserted that Class I YSOs tend to
be more variable than Class II and Class III YSOs, possibly as a consequence of strong magnetic
reconnection events in either stellar coronae or star-disk magnetic fields.
The Lynds 1630 (L1630) dark cloud [D ⇠ 400 pc; 8, 62] is part of the Orion B molecular cloud and
is a well-studied star-forming region at radio, infrared and X-ray wavelengths, all of which are
useful regimes for probing di↵erent aspects of pre-MS stellar evolution. Radio and submillimeter
observations trace the earliest stages of star formation, when a cold molecular cloud collapses
to form a young stellar object (YSO). Many such deeply embedded YSOs have been detected
in L1630: dense cores of molecular gas harboring high-velocity outflows [63, 64, 143], radio
continuum sources [20, 130, 153], and luminous far-infrared and sub-mm sources [35, 36, 63, 113].
Infrared observations, useful for probing dust in infalling envelopes and circumstellar disks
around YSOs, have also resulted in the detection of many low-mass, pre-MS (T Tauri) stars in
L1630 [51, 83, 110, 160]. A combination of X-ray and infrared observations has also been used
to study embedded young stars in L1630 [140].
During the course of a multi-year campaign to monitor the optical/IR/X-ray outbursts of the
YSO V1647 Ori [72, 81, 95, 147], we have obtained a series of Chandra X-ray observations,
totaling ⇠240 ks exposure, of a region of the L1630 dark cloud in the Orion molecular cloud.
In this paper we use these Chandra V1647 Ori monitoring data, combined with archival Spitzer
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data, to perform an infrared and multi-epoch X-ray study of the population of YSOs in L1630.
We present the reduction and analysis of the Spitzer and Chandra data in Section 2, the results
obtained for YSO classification and interesting individual sources in Section 3, and a discussion
of these results in Section 4. The last section describes X-ray detection fractions, variability,
and spectral characteristics with respect to YSO classification, and includes a comparison of
our results to the aforementioned IR/X-ray studies of star-forming regions.

2.3
2.3.1

Observations and Data Analysis
Spitzer and 2MASS IR Source Classification

The Spitzer InfraRed Array Camera (IRAC) archival data for L1630 analyzed here comprises a
subset of observations carried out in October 2004 [51, 53]. The observations were obtained using
IRAC’s High Dynamic Range (HDR) mode, yielding images with 10.4 second and 0.4 second
exposure times. The MOsaicker and Point source EXtractor (MOPEX) and the Astronomical
Point source EXtractor (APEX)1 were used, respectively, to create mosaics of L1630 using
archival Spitzer IRAC observations and for performing aperture photometry on the resulting
mosaics. Two mosaics were made, one for the long (10.4 s) exposures (Fig. 2.1, left) and one
for the short (0.4 s) exposures, so as to detect faint sources as well as bright sources that might
have been saturated in the long exposure. Before mosaicking the images, overlap correction was
performed via the MOPEX overlap correction module. The MOPEX sliding box routine was
employed for background subtraction. Aperture photometry was performed using an aperture
radius of 10 pixels.
A [3.6-4.5] vs. [5.8-8.0] color-color diagram (Figure 2.2) was created to classify YSOs as Class
0/I, Class II, or “transition disks”. The last category represents objects whose spectral energy
distributions (SEDs) indicate that they are in transition between Class II (disk-bearing) and
Class III (apparently diskless) YSOs [2, 51]. In general, this classification scheme is useful for
determining the evolutionary state of a YSO because disk dissipation leads to a sharp decrease in
⇠ 1-10 µm emission. The Class 0/I, Class II, and transition disk YSOs were classified according
1

http://irsa.ipac.caltech.edu/data/SPITZER/docs/dataanalysistools/tools/mopex/ Version 18.4.9
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to the Spitzer-based color-color criteria originally used in Fang et al. [51]. These classification
criteria are as follows: (a) 0.4  [5.8]
(b) 0.4  [5.8]
and -0.1  [3.6]

[8.0]  1.4 and 0.8  [3.6]

[8.0]  1.1 and 0.1  [3.6]

[4.5]  2.0 (Class 0/I);

[4.5]  0.8 (Class II); (c) 0.2 [5.8]

[8.0]  1.0

[4.5]  0.2 (transition disk). Class III sources (defined as having little or no

detectable IR excess above photospheric emission) were classified using X-ray observations and
a 2MASS color-color diagram (see below). Only sources with a signal-to-noise ratio > 3 were
considered.
Some sources display excess 8 µm emission in Figure 2.2, placing them outside the standard
YSO classification regions in color-color space. After individual inspection, four of these infrared
sources were found to be positionally correlated with di↵use, bow-shock-like infrared emission
(Fig. 2.3). All four of these sources are also X-ray emitters. Since the bow-shock-like extended
infrared emission in the Spitzer observations contaminates the point-source flux at 8 µm, they
have been tentatively classified assuming a smaller amount of intrinsic 8 µm emission (i.e., by
reducing their values of [5.8

8.0] in Figure 2.2).

Chandra and Spitzer sources were positionally matched with the Tool for OPerations on Catalogues And Tables (TOPCAT), version 3.9. X-ray and infrared sources were considered coincident if separated by < 3

00

(to account for the PSF of o↵-axis Chandra detections and the

pointing accuracy of Spitzer and Chandra) and if they met the aforementioned requirements
for both infrared and X-ray detection. Infrared colors for X-ray sources with infrared counterparts are listed in Table 2.2. The infrared luminosity LIR was determined by integrating the
2MASS and Spitzer flux from 1.23 µm to 8.0 µm. Infrared SEDs created using 2MASS, Spitzer
and WISE photometry for all X-ray sources with infrared counterparts are presented in the
Appendix. Some SEDs in the Appendix show WISE excesses > 8 µm that could potentially be
signatures of a cool dust component not accounted for in our (2MASS/Spitzer-based) classifications. However, many of these sources have been flagged by WISE pipeline reduction procedures
and are likely either spurious detections, contaminated by a di↵raction spike or scattered light
halo from a nearby bright source, or are highly infrared-variable.
In order to ensure classification of very red (potential Class 0 or Class I) sources, we required
detection at 5.8 µm for all YSOs classified in this study other than Class III. This requirement
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led to the inclusion of some sources that were not included in the photometric study of Fang
et al. [51], who required detection in both 3.6 µm and 4.5 µm IRAC bands. This condition also
potentially leads to the exclusion of many Class III YSOs from Fig. 2.2. To include these X-ray
luminous objects, we compiled a list of 2MASS counterparts to X-ray sources and extracted
their photometry in the J, H and K bands using the NASA/IPAC Infrared Science Archive
(Table 2.2). We then constructed a near-infrared color-color diagram (Fig. 3.7) to identify
Class III YSOs. The main sequence line and reddening vectors are taken from Bessell & Brett
[18] and Cohen et al. [34] respectively. The classical T Tauri star (cTTS) locus is the area in
the plot where cTTSs su↵ering little or no reddening are located [111]. Given that pre-MS stars
are typically ⇠ 103 brighter in X-rays than main sequence stars [54], we conclude that all X-ray
sources in L1630 that appear as reddened main-sequence stars are likely Class III pre-MS stars.

2.3.2

Chandra X-ray Analysis

The analysis is focused on 11 Chandra X-Ray Observatory observations obtained with the
Advanced CCD Imaging Spectrometer array (ACIS-I), spanning four years, of the star forming
region L1630. Individual exposure times were 18-30 ks. V1647 Ori, a well-studied highly variable
YSO, was the target in 9 of these 11 observations. Details concerning results for V1647 Ori itself
can be found in Teets et al. [147], Hamaguchi et al. [81] and Kastner et al. [96]. The date and
exposure time of each observation included in the present study are listed in Table 2.1. X-ray
data reduction was performed using Chandra’s Interactive Analysis and Observation (CIAO)
2

version 4.3. The images were cropped to contain only data from the ACIS-I imaging array.

All 11 observations were merged with CIAO’s dmmerge and reproject-events to generate the
master merged event file and merged exposure map used for source detection. The merged
image is shown in Figure 2.1 (right) with the respective fields of view of the 11 component
exposures represented by colored boxes.
All Chandra X-ray observations, including the ⇠240ks merged observation, were filtered into soft
(0.5-2.0 keV), hard (2.0-8.0 keV) and broad (0.5-8.0 keV) energy bands. We removed photons
with energies < 0.5 keV and > 8.0 keV so as to avoid spurious and background events. The
2

http://cxc.harvard.edu/ciao/index.html CIAO version 4.3
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CIAO process fluximage was used to create exposure maps for each observation. All exposure
maps were created with an e↵ective energy of 1.6 keV. Tests of exposure maps constructed
with e↵ective energies larger than 1.6 keV do not significantly a↵ect the results. The e↵ective
exposure time is calculated for each source using a merged exposure map that accounts for
instrumental e↵ects such as e↵ective area, quantum efficiency, and telescope pointing motion.
To determine count rates and other source properties, CIAO’s wavdetect source detection
algorithm was employed in each band in all observations, including the final merged observation,
with the detection probability threshold set to P=10

6.

The wavdetect scales (i.e., wavelet radii

in pixels) used were 1, 2, 4, 8, and 16 in order to optimize detection of point sources well o↵-axis.
The wavdetect source extraction region is based on the Chandra PSF and chip position and
is calculated considering a PSF energy of 1.4967 keV and an encircled energy fraction of 40%.
The faintest source detected by wavdetect in any of our observations had four events; therefore,
at least four events are needed to be considered a reliable on-axis detection in this study.
Source count rates were determined using exposure maps to account for the e↵ective exposure
time corresponding to the position of each source. Hardness ratios, defined as (H

S)/(H +

S), were calculated using the hard (H) and soft (S) count rates determined for each source.
Median X-ray energies (Table 2.2) were determined for the X-ray detected L1630 YSOs using
the wavdetect position for each source and the CIAO tool dmstat. Errors on these median
energies were calculated using the standard error on the mean as a proxy for standard error on
the median. Values of NH for all sources were estimated using the relationship between median
energy and absorption in YSOs determined by Feigelson et al. [55]; for sources with more than
100 counts, NH was calculated using the best-fit model flux. Assuming a distance to L1630 of
400 pc, intrinsic X-ray luminosity was calculated from the best-fit flux model. For sources with
fewer than 100 counts, X-ray luminosity was not estimated.
The flux detection limit of the Chandra data-set was determined using the PorFigure, Interactive
Multi-Mission Simulator (PIMMS)3 software developed by the NASA High Energy Astrophysics
Science Archive Science Center. In a 234 ks observation, one X-ray photon corresponds to an
energy flux of 2.4 ⇥ 10

17

erg s

1

cm

2,

assuming an intrinsic source spectrum consisting of

a 10 MK thermal plasma with a metal abundance of 0.4 times solar [59, 61], a representative
3

http://heasarc.gsfc.nasa.gov/docs/software/tools/
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(Figure 2.12) intervening column density of 7.5 x 1021 cm

2,

and adopting an energy band of

0.5-8.0 keV. At our assumed distance of 400 pc to L1630, an on-axis four event source detection
therefore corresponds to an intrinsic luminosity of 1.8 ⇥ 1027 erg s

1.

X-ray spectral analysis was performed on all sources with & 100 counts in the merged observation. CIAO’s specextract routine was run for each source to generate/extract spectra and
associated spectral response files for each individual observation. If more than 10 events were
detected from a source in any particular observation, a merged spectrum for that source was
created using the specextract “combine” parameter. It is important to note that the resulting
merged spectrum from multiple observations could be strongly influenced by source variability
(see, e.g., Figures 2.7, 2.8, and 2.11). Many of the sources did not have enough counts in an
individual observation to constrain the spectral fitting; therefore, we only performed spectral
analysis on the combined observations.
Models of absorbed one- or two-temperature thermal plasmas were fit to the merged spectra
to estimate plasma temperature, intervening hydrogen absorbing column density, and flux. We
performed our spectral analysis with HEASARC’s X-ray Spectral Fitting Package (XSPEC)
using the wabs absorption model and the apec plasma model, assuming a uniform density
plasma with a global pattern of abundances fixed to the value Z = 0.8 Z . If the reduced

2

of

a two-temperature fit was smaller than for a one-temperature fit, an F-test was performed to
ensure the fit was improved statistically (i.e., that the F-Test P < 0.05).
The X-ray spectral properties for each source are listed in Table 2.4, and mean values for each
class are listed in Table 2.5. The count rate of each source listed in Table 2.4 was calculated
from the merged observation and the exposure map corrected e↵ective exposure time. The
remaining parameters listed in Table 2.4 are the best-fit model parameters from spectral fitting.
The listed values for FX are observed (i.e., “absorbed”) X-ray fluxes, while the values of LX are
intrinsic (i.e., “unabsorbed”) X-ray luminosities.
To be considered for our variability analysis (Figures 2.7-2.11; Sect. 4.2), X-ray emitting YSOs
had to meet the following criteria: (1) be detected with Spitzer 5.8 µm emission or have little
near-infrared excess (to preserve a Class III sample), (2) lie in the field of view of at least 9 of the
11 Chandra observations, (3) be detected in at least two of the 11 Chandra observations, and (4)
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have a signal to noise ratio

3 in both Chandra and Spitzer photometry. Each source’s broad

count rate was integrated over the entire exposure and accounts for e↵ective exposure time.
Upper limits for non-detected sources in individual exposures were calculated with the CIAO
tool aprates. The location and shape of the source, as detected by wavdetect in the merged
Chandra observation, was used to calculate upper limits on the count rate at the location of
any source not detected in an individual observation.
The variance of each X-ray emitting YSO in our variability analysis (s2 ) was calculated over
the course of all 11 observations and normalized to its mean broad band count rate
s2 =

P

(x x̄)2
x̄2 (N 1)

where x is the broad (0.5-8.0 keV) count rate per observation, x̄ is the mean count rate, and
N is the number of observations. The count rate upper-limit was used for non-detected sources
in individual observations. If a source was detected in fewer than 6 of the 11 observations, an
upper limit was used to determine the count rate (x) and the mean count rate (x̄) for the (s2 )
lower-limit calculation. The variance values of these objects are hence considered to be lower
limits.

2.4
2.4.1

Results
X-ray Characteristics and YSO Class

The sources in the upper-right of the 2MASS color-color plot in Figure 3.7 ([H

K] > 1.5)

have large infrared excesses and are heavily reddened, and therefore most likely represent highly
embedded Class I YSOs (e.g., sources #12, #13, #14 and #15). Source #16 was not detected
at J, H or K wavelengths and therefore we consider it Class 0/I candidate. These inferences
are supported by classifications of the same five embedded YSOs based on Spitzer IRAC colors.
These five (Class I and candidate Class 0/I) are hereafter referred to, collectively, as the L1630
Class 0/I sample.
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Infrared colors can be used in conjunction with median X-ray photon energy to distinguish
between highly embedded Class 0/I YSOs and other sources. Soft X-rays ( . 1 keV) are
susceptible to absorption by intervening cloud and/or disk material. This allows estimates of
the line-of-sight absorbing column solely on the basis of the median energy of the X-ray source
[55, 60]. Figure 2.5 makes apparent that, for L1630 YSOs, median energy is correlated with
infrared colors; i.e., that redder infrared sources have larger median energies. The relationship
from Feigelson et al. [55] was used to estimate the absorbing columns for X-ray sources in L1630
listed in Table 2.2. The resulting typical absorbing columns determined for L1630 YSOs lie in
the determined range NH ⇠ 1019 -10

22

cm

2

for Class II, Class III and transition disk YSOs,

whereas highly embedded Class 0/I sources have estimated NH values as high as 1023 cm

2.

The value of NH has also been determined via X-ray spectral modeling for strong (> 100 count)
X-ray sources. The relationship between best-fit column density and median energy for these
X-ray-bright YSOs is shown in Figure 2.12 and is evidently well described by the best-fit curve
relating NH and median energy for ONC YSOs [55]. The spectrally derived NH for L1630 YSOs
are in good agreement with those measured from the COUP survey.
Of the 59 X-ray sources detected in the merged broad band filter, 40 were detected in the hard
band filter and all 59 were detected in the soft band filter. The total number of X-ray-emitting
YSOs in each observation is listed in Table 2.3 where S, H, and B correspond to soft, hard, and
broad energy filters, respectively. In a few cases, low count rate sources were detected in the
broad energy filter but not in the soft or hard filters. In Figure 2.6, the detection fraction, i.e.,
the ratio of X-ray-emitting YSOs to non-X-ray emitting YSOs, for each observation is plotted
by YSO classification. Class 0/I sources have the lowest detection fraction, whereas transition
disks and Class II YSOs are more readily detected (See Sect. 4.1). Figures and tables in this
paper combine Class 0 and Class I YSOs (i.e., Class 0/I) because we seek to compare the X-ray
detectability, variability and spectral characteristics of deeply embedded YSO phases with X-ray
emission characteristic at later stages of YSO evolution. The black dashed line in Figure 2.6
represents the maximum possible detection fraction based on the merged image and accounts
for sources included and excluded by the ACIS field-of-view for each observation. The colored
solid lines indicate the detection fraction within specific energy bands.
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With observations of ⇠50 L1630 YSOs at up to 11 epochs, we can examine X-ray variability as
it relates to YSO infrared class. Of the 52 X-ray emitting YSOs with infrared classifications,
27 meet our variability requirements (see Sect. 2.2). X-ray light curves and hardness ratios
spanning ⇠4 years were constructed for each YSO meeting these criteria, as shown in Figures
2.7, 2.8, 2.9 and 2.10. All YSO classes show significant X-ray variability with at least one X-ray
source from each infrared class undergoing an order of magnitude change in count rate. Furthermore, many YSOs show significant variability even on timescales of days (ObsIDs 5384-6413
and 10763-8585; Table 2.1). X-ray variability with respect to YSO classification is compared to
X-ray and IR spectral parameters in Figures 2.11 and 2.15 a-e (See sect. 4.2). Not all spectrally
analyzed sources met the X-ray variability selection requirements (described in Sect. 2.2) and
thus not all X-ray sources are shown in Figure 2.15. We find that L1630 Class 0/I YSOs tend
to be more variable than other YSO classifications. We find that four of the five Class II YSOs
that met our variability requirements have very similar levels of variability (s2 ⇡ 0.4; Figure
2.15) yet display di↵ering spectral characteristics.
Examples of model fits to X-ray spectra of representative objects from each YSO class are
shown in Figure 2.13. Various X-ray (LX , TX , NH ) and infrared (LIR ) properties of L1630
YSOs are plotted in Figures 2.14 a-e. Such parameters are used to investigate trends based
on YSO classification (see Sect. 4). We find that Class III YSOs in L1630 tend to have lower
intrinsic LX than other YSO classifications yet have similar plasma temperatures. We find no
clear correlation between YSO classification and plasma temperature and we find three (one
Class II and two transition disk) YSOs that display emission from low temperature (⇠3 MK)
plasma that could be produced via accretion shocks.

2.4.2

Individual Sources

Only 5 of the 19 Class 0/I (candidate Class 0/I or Class I) YSOs in L1630 were detected in
X-rays, possibly due to factors such as large obscuration, low quiescent X-ray luminosity and,
perhaps, less frequent events than Class 0/I YSOs in Serpens or Coronet or Class II/III YSOs.
SSV 63NE (ID# 16) has previously been discussed as an X-ray emitting Class 0/I candidate
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in Simon et al. [140] due to its spatially correlated X-ray and radio emission and lack of nearinfrared counterpart. Three of the five X-ray emitting YSOs (ID#s 12, 13 and 14) are designated
as Class I YSOs in Cohen et al. [35], Simon et al. [140] and Muzerolle et al. [116]. All five are
classified as protostars in Megeath et al. [110]. Furthermore, the detection of ID#s 12, 13 and
14 at J, H and K wavelengths suggest they are indeed Class I (as opposed to Class 0) sources
(Fig. 3.7).
The X-ray spectrum of SSV 63NE, is shown in Figure 2.13 and its SED is shown in Figure
2.17. Model fitting confirms a highly absorbed (NH ⇠ 1023 cm
temperature of TX ⇠ 7

2)

source and yields a plasma

27 M K (Table 2.4). Higher temperatures for Class 0 candidates

have been found previously: TX ⇠ 50 M K and NH = 2.47 ⇥ 1023 cm

2

for source XE , a sub-

region of IRS 7 in the R Corona Australis (R CrA) star-forming core [80] and TX = 79.4 ± 20
M K and NH = 1.48 ⇥ 1023 cm

2

for IRS7E in the Coronet Cluster (FP07). Submillimeter

emission has been observed in the region of SSV 63NE with JCMT-SCUBA [113]; however,
due to the close proximity of two other X-ray emitting protostars (Class I YSOs SSN 63E and
SSV 63W; Figure 2.16), it is unclear from which of the three (or a combination thereof) the
unresolved submillimeter emission is originating. The large value of NH we derived from SSV
63NE is consistent with Class 0/I status and –combined with strong submillimeter emission in
its vicinity and its lack of a near-IR counterpart– support Class 0 candidacy. However, higherresolution submillimeter and far-infrared imaging are needed to confirm this source’s Class 0
status.
The strongest X-ray emitting YSO in our survey is the transition disk/wTTS SSV 61 (ID #8;
Figures 2.13, 2.16 and 2.19 ). Simon et al. [140] had previously classified SSV 61 as a wTTS
based on H↵ emission and Li I 6708 absorption equivalent widths; however, our analysis of
IRAC photometry placed SSV 61 on the border between Class III (wTTS) and transition disk
YSOs. Our 234 ks merged spectrum of SSV 61 (Figure 2.13b) contains ⇠ 7000 counts, which
corresponds to an e↵ective count rate of 32.3 ks
e↵ective count rate of 251.92 ks

1

1.

Simon et al. [140] previously published an

for a 62.8 ks observation in November 2002. Evidently the

count rate of SSV 61 had declined during the epochs of our Chandra observations and, with a
(relatively small) normalized variance of 0.07 (Fig. 2.11), we conclude that Simon et al. [140]
must have observed SSV 61 in outburst. It is interesting to note that SSV 61 lies close to a
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submillimeter source (Fig. 2.16) originally reported by Mitchell et al. [113]. Such an association
is highly unusual for a wTTS but could be consistent with transition disk status.
Other interesting X-ray/infrared sources are IDs # 1, 3, 4 and 38 (Figures 2.3, 2.18 and 2.19).
Fang et al. [51] classified ID # 4 as a K3.5 cTTS with an optically thick disk. It was detected
as an X-ray source in our observations with an e↵ective count rate of 1.94 ks

1.

The other

three sources were not included in Fang et al. [51]; however IDs # 1 and 38 were classified as
pre-MS stars with disks in Megeath et al. [110]. If the bow-shock-like nebulae seen in Spitzer
imaging (Figure 2.3) are attributed to these YSOs then these structures may be wind-collision
fronts similar to those associated with other YSOs in the Orion region [11].

2.5
2.5.1

Discussion
L1630 YSO X-ray Detection Fraction

When observing young stellar objects, X-ray detection fraction depends primarily on sensitivity, spectral source hardness, and the degree of intervening obscuration toward the source. Our
results further illustrate that, in the case of YSOs characterized by strong variability, the number and/or duration of observation epochs plays a significant role in detection statistics when
compared to studies with similar sensitivity. The X-ray detection fractions as a function of time
in Table 2.3 and Figure 2.6 provide insight into the variable nature of YSOs. Class 0/I YSOs
have the lowest overall detection fraction in all bands. These YSOs are rarely detected in the
soft energy band in our data, most likely due to their highly embedded environments; whereas
in the hard band, photons are more likely to penetrate, thus leading to a higher hard-band
detection fraction. The detection fractions for Class II sources are slightly larger than for Class
0/I sources; furthermore, it appears that for several observations, Class II sources are more
readily detected in the soft band than in the hard band. This could be an indication either
of the relatively steady nature of soft accretion shock emission or of the generally smaller degree of intervening absorption towards Class II sources. The transition disk detection fraction
tends to be similar in hard and soft bands, indicative of relatively steady, non-variable emission. Class III YSOs, whose X-ray detection fraction in a given observation is 1.0 by definition,
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are consistently more detectable in the soft band than the hard band, indicating lower levels
of intervening absorption with respect to the other YSO classes. The relatively low detection
fractions in individual exposures evident in Fig. 2.6 may reflect the highly variable nature of
Class III YSOs.
Our X-ray detection fraction results are compared with other infrared/X-ray studies of starforming regions in Table 2.6. X-ray detection fractions for individual observations were not
available in the other studies so we restrict the comparison to the respective merged exposures.
The respective sensitivities between 0.5-8.0 keV are Lx,min ⇡ 4 ⇥ 1026 erg s
⇥ 1027 erg s

1,

and Lx,min ⇡ 2 ⇥ 1027 erg s

1

1,

Lx,min ⇡ 3

for FP07, W07 and our L1630 observations.

This comparison of X-ray luminosity sensitivities is only approximate, given the di↵erent source
detection thresholds and angular size scales used in the three studies. When comparing YSO
detection fraction, it may be important to consider not only the total exposure time and source
distances, but also how the component exposures were distributed in time. FP07 used eight
exposures of the Coronet Cluster over the course of ⇠5 years; however, five of the exposures
were obtained only a day apart. The Serpens Core (W07) was observed for one 90 ks period.
L1630 was observed 11 times over the course of four years with only two sets of two exposures
obtained less than 2.5 months apart (Table 2.1).
For Class 0/I YSOs, FP07 and W07 found detection fractions of 90% and 41% in R CrA
and Serpens, respectively, whereas for L1630 we obtain a Class 0/I detection fraction of only
26%. The Class II detection fraction for L1630 (58%) is significantly larger than the detection
fraction for Class II YSOs in the Serpens Cloud (32%) but again smaller than in the Coronet
Cluster (82%). It appears the high detection fraction in R CrA can most likely be attributed
to the less deeply embedded nature of its Class 0/I YSOs and the high sensitivity of the R
CrA observations. If Class II YSOs were characterized by relatively steady X-ray emission
over timescales longer than a typical X-ray observation, punctuated by relatively rare, strong
outbursts, then the probability of detecting X-ray emitting Class II YSOs should increase with
the number of X-ray observations. It would therefore appear that, for studies with similar
sensitivities – as for W07’s Serpens study and our L1630 study – observations spanning longer
time scales may yield a higher X-ray detection fraction of Class II sources.
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2.5.2

L1630 YSO X-ray Variability by Class

Both coronal activity and star-disk interactions – e.g., magnetically-funneled accretion, timevariable absorption from inner disk warps and/or accretion streams, disk instabilities resulting
in accretion outbursts, or magnetically confined-plasma suddenly released in star-disk magneticreconnection events – are phenomena that can plausibly cause significant X-ray variability. In
the case of star-disk interactions, obviously, a circumstellar disk must be present. Class III YSOs
have little or no detectable IR excesses and hence their disks have likely already dispersed. Ergo,
if star-disk interactions are are at least partially responsible for the highly X-ray variable nature
in observed YSOs with disks, then Class I, Class II, and transition disk sources should show
X-ray variability that is distinct from that of Class III sources. In particular YSOs with disks
might be expected to display larger levels of variability than Class III YSOs over a timespan
of several years and multiple observations [22, and references therein]. Transition disk YSOs,
representative of an evolutionary stage between Class II and Class III, are characterized by
disks with large (⇠1-10 A.U.) inner dust clearings [27]. If magnetic field lines interacting with
gas in the disk are required to provide some mechanism for variability, then transition disks
whose “holes” are large enough might extend beyond the immediate influence of the protostellar
magnetic field, thus halting such variability. However, even though there is a large gap in the
dusty component of a transition disk, this does not necessarily imply a large gap in the gaseous
component [32, 137], and hence star-disk interactions could still be an important driver of YSO
X-ray variability.
Regardless of the mechanisms underlying variability, Figures 2.7, 2.8, 2.9 and 2.10 show that
each class in our variability sample has at least one YSO that underwent an order of magnitude
increase in count rate over the ⇠4 year course of our study. Several YSOs also showed significant
variability on timescales of days, which is suggestive of magnetic loop flaring [52]. FP07 displayed
similar X-ray duration light curves for YSOs in the Coronet Cluster and suggested that these
light curves indicated that Class I YSOs displayed stronger levels of variability than Class II
YSOs. Likewise, Figures 2.7, 2.8 and 2.11 suggest that L1630 Class 0/I YSOs are more variable
than Class II YSOs, though these figures also suggest that Class 0/I and Class III objects are
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similarly variable. Similar distinctions in variability are apparent for YSOs in the ⇢ Ophiuchi
dark cloud [87, 88].
Figure 2.11 illustrates the overall variability and spectral hardness (median photon energy) for
YSOs of various classes in L1630 over the course of ⇠4 years. Figures 2.5 and 2.11 make clear
that Class 0/I sources are significantly harder than Class II and III YSOs. This is likely mainly
due to their highly embedded nature (i.e., absorption of <1 keV photons by circumstellar
material) given that their inferred plasma temperatures are similar to those of Class II and
Class III YSOs (Fig. 2.15a and Sect. 4.3). Large (& 3 keV) median energies for similarly deeply
embedded objects have been inferred previously, including V1647 Ori (ID#14) [72, 73].
Figures 2.11 and 2.15b illustrate the highly variable nature of Class 0/I YSOs in L1630. It is
important to note that when comparing these two figures, one must account for the lower limits
of sources that were only detected in 2-5 observations. Many sources in Figure 2.11 did not have
enough counts for spectral fitting and, therefore, were not included in Figure 2.15. Furthermore,
for these sources with non-detections, count rate upper limits (i.e., background count rate at
the source position) were included in calculations of the normalized variances (see Sect. 2.2).
Figure 2.11 suggests both Class 0/I and Class III YSOs are highly variable. However, Figure
2.15 implies that of the YSOs detected in more than 5 observations, the Class 0/I YSOs are
marginally more variable than all other YSO classes, including Class III YSOs. Transition disks
in L1630 tend to be less variable than other classes (Figs. 2.11 and 2.15a).
Of the five Class II YSOs that met our variability and spectral fitting requirements, four of
them have very similar levels of variance (s2 ⇡ 0.4; Figure 2.15). It is interesting to note that
all four of these Class II YSOs also show similar plasma temperatures (TX ⇠ 30M K), yet their
other spectral characteristics di↵er. Flaccomio et al. [56] found that COUP Class II YSOs were
more variable than Class III YSOs and suggested that rotational modulation was the mechanism
responsible for high levels of variability. We do not find such a trend for YSOs in L1630. This
could be due to the fact that the quasi-continuous 10-day-long observation of the ONC study
was more sensitive to variability due to rotational modulation but was not as sensitive to rare,
energetic flaring events as our L1630 study, in which the X-ray observations span four years.
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2.5.3

L1630 YSOs X-ray Spectral Characteristics

Before considering the X-ray spectral properties of L1630 YSOs obtained from model fitting, it
is important to note that the absorbed one-or two-component thermal plasma models typically
used to fit X-ray spectra of YSOs are not complete representations of the intrinsic properties
of YSOs. Detailed studies of magnetically and accretionally active YSOs show it is likely
that their plasmas span a wide range of temperatures [24]. However, one- or two-component
thermal plasma models are sufficient to ascertain global plasma properties, and have been used
successfully in numerous previous studies [e.g., 55, 59, 76, 159].
As shown in Figure 2.12, the line-of-sight absorption (NH ) values derived from spectral analysis
of YSOs in L1630 tend to follow the same trend seen in the ONC [55], the Serpens Cloud [159],
and the Coronet Cluster [59]. We find a large median X-ray absorbing column density for Class
0/I sources relative to other classifications (Table 2.5) and other studies [e.g., NH ⇠5 x 1022
cm

2

for Class I YSOs in Rho Ophiuchi; 122]. Winston et al. [159] found Class 0/I sources in

the Serpens Cloud core had average X-ray absorbing column densities ⇠5 times that of Class
II and Class III YSOs. We have found Class 0/I sources in L1630 have median X-ray absorbing
column densities ⇠20 times those characteristic of later YSO stages (Table 2.5). However, note
that three of the five X-ray detected Class 0/I sources in L1630 (ID # 12, 13 and 16; Fig. 2.16)
reside within ⇠10 arc seconds of each other and hence likely reside in the same, highly obscured
region of the L1630 molecular cloud. The spatial proximity of these three YSOs with high
values of NH could suggest that for many Class 0/I sources, much of the absorbing material
resides in the molecular cloud environment immediately surrounding the protostar, rather than
in the collapsing circumstellar envelope of the Class 0/I source. Furthermore, it is interesting to
note that these three YSOs have similar intrinsic X-ray luminosities and plasma temperatures
(Table 2.4, Figures 2.14, 2.15). These three highly embedded Class 0/I sources, which have
likely formed around the same time and in a similar environment, hence represent an excellent
Class 0/I YSO group for further study. Our sample of Class II, transition disk, and Class III
L1630 YSOs have very similar values of median NH (Table 2.5). This suggests that ambient
cloud material, not circumstellar, dominates NH for these sources and that the Class 0/I YSOs
are found near the densest parts of the L1630 cores.
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The X-ray detected sample of YSOs in L1630 range over three orders of magnitude in LX (from
⇠ 1029 –1032 erg s

1 ),

suggesting a large range of stellar masses [126]. In Figure 2.14a, many

YSOs in L1630 to lie above the level LX = 10

3L

IR .

Unless LIR is significantly larger than

Lbol – which is more likely for Class II and III YSOs than for Class I – this suggests that many
L1630 YSOs lie above the “saturation level” [e.g., 126]. However, it is important to note that
the YSO X-ray luminosities (along with other spectral properties) were calculated using merged
spectra obtained from multiple observations. Many YSOs in L1630 undergo flaring events that
sometimes increase flux by an order of magnitude (Figs. 2.7-2.10), possibly resulting in larger
values of time-averaged LX than in previous studies.
In Figure 2.14b and Table 2.5, we see that the sample of Class III YSOs in L1630 tend to
have lower X-ray luminosities than Class 0/I, Class II and transition disk objects, yet these
L1630 YSO classifications have similar plasma temperatures. The similar temperatures found
in the one-temperature fits and the “hot” components of the two-temperature fits for YSOs in
L1630 indicate that magnetic reconnection dominates the plasma heating for all classes. FP07
and Winston et al. [159] also found no clear correlation between plasma temperature and YSO
classification; however, FP07 found Class I and Class II objects tend to show hotter plasma
temperatures than Class III YSOs. In most cases, accretion shocks should not be contributing
to LX or TX in non-accreting Class III YSOs. Hence, either accretion does not play a significant
role in increasing plasma temperature and luminosity, or Class III YSOs have another mechanism
to heat plasma to similar temperatures.
Accretion shocks are expected to produce X-ray emission at characteristic temperatures of ⇠
3 MK and cooler[71, 85, 92, 148]. FP07 concluded that Class I and II sources in their study
show no such excess soft emission indicative of accretion shocks. As shown in Figures 2.14be, two transition disks and one Class II YSOs do display a cool plasma component indicative
of accretion shocks. These sources also tend to be more X-ray luminous than other YSOs in
L1630; however, this could merely reflect the fact that high count-rate sources are easier to fit
with two-temperature models. In the case of Class 0/I YSOs (which are actively accreting),
non-detection of a cool plasma component does not necessarily imply that accretion shocks are
not present. Class 0/I YSOs (particularly those in L1630) are heavily absorbed (Table 2.5;
Figs. 2.14c and 2.15c) and any unabsorbed soft X-ray emission from these sources indicative
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of accretion shocks would be difficult to detect with X-ray CCD spectro-imaging. Furthermore,
observations to include only those photons with energies

0.5 keV may have removed some

of the soft excess detectable in L1630 YSOs by Chandra. We also note that one Class III
YSO was found to have a ⇠1 MK plasma component, demonstrating that processes other than
accretion (e.g., coronal activitiy) may also contribute to soft X-ray fluxes from YSOs. However,
in the absence of H↵ spectroscopy, we cannot exclude the possibility that this system is actively
accreting gas, despite a lack of thermal IR excess due to circumstellar dust [78].
A weak trend of increasing plasma temperature with infrared luminosity can be seen for YSOs
with log(LIR ) & 33 in Figure 2.14d. The source of infrared luminosity in Class III sources
should be mostly photospheric, as they are non-accreting and have little or no disk material,
whereas in earlier stages of star formation (e.g. Class 0/I, Class II, and transition disks), the
disk (and for Class 0/I, the infalling envelope) contributes significantly to infrared emission. If
TX is an indication of magnetic activity, then Figure 2.14d would imply YSOs with disks tend to
have more magnetic activity as LIR increases. Figure 2.14e shows a general decrease in plasma
temperature with increasing LX /LIR . More interestingly, the Class III sources in L1630, which
as a class have relatively low X-ray luminosities but a large spread of infrared luminosities, tend
to decrease in plasma temperature with increasing LX /LIR .

2.6

Conclusions

We have performed a multi-epoch study of the X-ray spectral and variability properties of
young stellar objects in L1630, a star-forming region in the Orion molecular cloud. We have
used archival 2MASS and Spitzer infrared and Chandra X-ray data to classify YSOs with X-ray
counterparts. We combined 11 di↵erent Chandra observations obtained over the course of ⇠4
years to derive variability and spectral properties of X-ray emitting YSOs.
1. We have generated IR classifications for 87 YSOs, comprising 19 Class 0/I YSOs, 26 Class
II YSOs, 21 transition disks, and 21 Class III YSOs. We identify 52 X-ray counterparts to
these YSOs; one Class 0/I, four Class I, 15 Class II, 11 transition disks and 21 Class III YSOs
are detected in X-ray emission. Our detection fractions are generally consistent with previous
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studies. As expected, Class 0/I YSOs are rarely detected in soft (0.5-2.0 keV) X-rays and
are more readily detected in hard (2.0-8.0 keV) X-rays. Class II and Class III sources in our
survey are more readily detected in the soft band. The detection rate of transition disk objects
is similar for both soft and hard bandpasses and is possibly indicative of stable, non-variable
emission. Based on comparison of X-ray detection fraction of YSOs of various classes with
other, similarly sensitive studies, it appears that increasing the number and temporal spacing
of X-ray observations may increase the detectability of X-ray emitting Class II YSOs.
2. Consistent with previous studies, we have confirmed the strong variability of X-ray emission
in many YSOs. However, our study characterizes this variability over a timescale of years, i.e.,
much larger than the timescales of days or months typical of previous studies. In our variability
study, at least one YSO from each class underwent an order of magnitude increase in count rate
over the ⇠4 year duration of the L1630 Chandra observations. Class 0/I YSOs show the highest
levels of variability, with each member in our study undergoing at least one event of an order
of magnitude increase in count rate.
3. Spectral modeling was performed on strong (> 100 counts) X-ray emitting YSOs to derive
X-ray plasma temperatures, line-of-sight absorbing columns, and fluxes. We find a large median absorption for Class 0/I sources in L1630. These Class 0/I sources display median X-ray
absorbing column densities ⇠20 times that of the more evolved YSOs in L1630. However, these
uniformly large inferred NH values could reflect the fact that three of the five X-ray detected
Class 0/I sources likely reside in the same, highly optically thick molecular cloud core. These
three X-ray emitting YSOs (SSV 63; ID#s 12, 13, and 16) represent an interesting group for
further study, as such X-ray emitting Class 0/I protostars are rare and can probe high-energy
phenomena during the earliest stage of star formation. As a class, transition disks display the
smallest levels of X-ray variability and Class 0/I YSOs (marginally) show the largest X-ray
variability. Class III YSOs in L1630 tend to have lower X-ray luminosities than younger classifications, but display similar plasma temperatures. Since accretion should not be contributing
to LX or TX in Class III YSOs, this could indicate a di↵erent plasma-heating mechanism is
operative in Class III YSOs objects. Evidence of cool plasma typically associated with accretion
shocks was detected in three cTTSs and a Class III YSO.
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Figure 2.1 Left: Spitzer RGB IRAC mosaic of L1630 constructed with images at 3.6, 5.8 and 8.0
µm. Right: 11 merged Chandra X-ray observations (color inverted) totaling ⇠240 ks of e↵ective
integration time. Colored squares represent each Chandra FOV; 9 of the 11 are centered on the
eruptive YSO V1647 Ori.
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Figure 2.2 Spitzer IRAC color-color diagram of L1630 for sources that lie within the Chandra
field of view (see Fig. 2.1, right). Colored boxes represent YSO classifications with green, blue
and red boxes representing transition disks, Class II and Class 0/I YSOs respectively [51]. X-ray
detected YSOs (Table 2.2) are overlaid with a brown X.
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Figure 2.3 A Spitzer IRAC 3.6, 4.5 and 8.0 µm three-color image of IDs #4, #38, #3 and
#1 showing spatially correlated bow-shaped emission likely indicative of a wind-collision front.
Chandra X-ray detections are indicated with overlaid blue crosses.
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Figure 2.4 2MASS color-color diagram of near-infrared sources with X-ray counterparts in L1630.
The blue line indicates where unreddened main sequence stars would lie on this plot. The cTTS
locus is taken from Meyer et al. [111]. The reddening vectors represent AV = 10.
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Figure 2.5 IRAC [3.6]-[4.5] color vs. Chandra median X-ray photon energy for YSOs in L1630.
Median X-ray photon energies were calculated for source photons extracted from the merged
Chandra observation. Error bars for the median energy were calculated using the standard
error of the mean. Color error bars are over plotted and in most cases are smaller than the plot
symbol.
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Figure 2.6 X-ray detection fraction by YSO classification in L1630; Class 0/I (top-left), Class
II (top-right), Transition Disk (bottom-left), and Class III (bottom-right). Solid red, blue and
green lines represent soft (0.5-2.0 kev), hard (2.0-8.0 keV) and broad (0.5-8.0 keV) energy filters
respectively. The black dashed line represents the maximum possible X-ray detection fraction of
YSOs using the merged ⇠240 ks image and, thus, indicates the largest possible X-ray detection
fraction for each observation. Since X-ray emission is a required condition for Class III YSO
candidacy, the total X-ray detection fraction of Class III YSOs is 1.0 by definition. Observationspecific fields of view are partly responsible for di↵ering total X-ray detection fractions from
exposure to exposure.
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Figure 2.7 Count rate and hardness ratio variability over ⇠ 4 years for Class 0/I YSOs in L1630.
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Figure 2.8 Count rate and hardness ratio variability over ⇠ 4 years for Class II YSOs in L1630.
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Figure 2.9 Count rate and hardness ratio variability over ⇠ 4 years for transition disk YSOs in
L1630.
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Figure 2.9 (continued) Count rate and hardness ratio variability over ⇠ 4 years for transition
disk YSOs in L1630.

Chapter 2. Star Formation in Orion’s L1630 Cloud: Infrared and Multi-epoch X-ray Study 59

Figure 2.10 Count rate and hardness ratio variability over ⇠ 4 years for Class III YSOs in L1630.
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Figure 2.10 (continued) Count rate and hardness ratio variability over ⇠ 4 years for Class III
YSOs in L1630.
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Figure 2.11 X-ray variability vs. median X-ray photon energy for YSOs in L1630. Sources with
lower limits were detected in only 2-5 observations. Error bars for the median energy were
calculated using the standard error of the mean.
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Figure 2.12 Spectrally derived absorption for X-ray emitting YSOs with ¿ 100 counts. Dashed
curve is a best-fit relationship taken from Feigelson et al. [55] representing the relationship
between median energy and column density of YSOs in the COUP survey.
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Figure 2.13 Representative X-ray spectra (crosses) fit with models consisting of one- or twotemperature plasmas su↵ering intervening absorption (histogram). Examples include Class 0/I
ID# 16 (top) and Class II ID# 46 (bottom).
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Figure 2.13 (continued) Representative X-ray spectra (crosses) fit with models consisting of oneor two-temperature plasmas su↵ering intervening absorption (histogram). Examples include
Transition Disk ID# 8 (top) and Class III ID# 25 (bottom).
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(a)

(b)

(c)

(d)

(e)

Figure 2.14 Spectral properties derived from model fitting of classified YSOs in L1630. Dashed
line in (a) represents LX = 10 3 LIR . Dashed vertical lines in (b), (c), (d) and (e) connected
points determined from two-temperature model fits.
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(a)

(b)

(c)

(d)

(e)

Figure 2.15 Normalized variance versus derived spectral properties from model fitting for YSOs
in L1630. Dashed horizontal lines represent two-temperature model fits.
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Figure 2.16 Spitzer 24 µm inverted-color image of a southern region in L1630. Red circles
indicate 850 µm continuum emission from JCMT SCUBA [113] and blue circles indicate Chandra
X-ray emitting YSOs.
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Table 2.1.

Chandra X-ray Observations

Obs ID

Date

JD-2453000

Exposure Time
(ks)

X-ray Sources
Detected1

Infrared
Counterparts

5382
5383
5384
6413
6414
6415
9915
10763
8585
9916
9917

04/11/05
08/27/05
12/09/05
12/14/05
05/01/06
08/07/07
09/18/08
11/27/08
11/28/08
01/23/09
04/22/09

471
609
713
718
856
1319
1727
1797
1798
1854
1943

18.208
19.879
19.699
18.101
21.649
20.454
19.896
19.95
28.83
18.406
29.784

31
41
37
39
43
41
39
40
55
35
45

22
27
25
21
28
25
27
24
26
23
26

1 Sources

considered for detection must also have been detected in merged (⇠240 ks)

image.

Table 2.2

RA

05:46:08.98
05:46:22.43
05:46:11.60
05:46:17.71
05:45:38.26
05:45:41.67
05:45:41.95
05:46:07.90
05:46:09.86
05:46:20.17
05:46:35.91
05:46:07.85
05:46:08.43
05:46:13.15
05:46:43.12
05:46:08.92
05:46:12.27
05:46:08.42
05:45:47.56
05:45:56.98
05:46:00.22
05:46:01.38
05:46:04.10
05:46:04.57
05:46:05.74
05:46:09.36
05:46:11.98
05:46:18.46
05:46:08.00
05:45:53.11
05:46:10.95
05:46:47.26
05:45:55.60
05:45:57.04
05:45:58.68
05:46:03.50
05:45:44.54
05:46:18.62
05:45:56.73
05:46:19.48
05:46:07.75
05:46:00.17
05:46:09.61
05:46:10.32
05:46:11.60
05:46:18.89
05:46:19.08
05:46:29.14
05:46:33.26

ID

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

-00:02:15.4
-00:08:52.6
-00:02:20.6
-00:00:14.2
-00:08:11.1
-00:04:02.1
-00:12:05.6
-00:11:56.6
-00:05:59.4
-00:10:19.9
-00:03:28.9
-00:10:01.2
-00:10:01.0
-00:06:04.7
+00:00:52.4
-00:09:56.1
-00:08:07.6
-00:03:15.0
-00:09:33.1
-00:07:52.9
-00:08:26.3
-00:00:13.6
-00:03:22.9
+00:00:38.1
-00:02:39.7
-00:06:57.6
-00:04:02.3
-00:07:54.7
-00:01:52.3
-00:13:25.0
-00:17:39.8
-00:08:03.6
-00:07:43.8
-00:02:02.3
-00:02:00.7
+00:02:53.4
-00:10:35.0
-00:00:18.9
-00:00:24.9
-00:05:20.1
-00:09:37.9
+00:03:07.3
-00:03:31.1
-00:00:06.9
-00:06:27.8
-00:05:38.2
+00:03:29.7
+00:02:59.2
+00:02:51.5

DEC

0.23
5.66
11.28
1.94
4.54
2.12
5.90
32.32
0.68
0.66
0.20
0.90
0.84
6.24
2.57
0.53
0.19
0.15
0.13
0.39
1.56
0.22
0.03
1.07
1.33
0.64
0.05
0.29
0.97
1.24
3.37
0.46
0.06
0.11
0.10
1.94
0.14
0.26
0.16
5.71
0.09
5.59
0.99
0.27
0.97
22.87
26.90
0.35
0.89

1.96
1.41
2.03
1.83
1.41
1.33
1.22
1.40
2.75
1.80
2.28
4.40
4.48
3.53
4.12
4.51
1.22
1.25
1.46
1.77
1.76
1.79
0.88
1.53
1.53
1.84
1.67
1.81
1.22
1.57
1.62
1.69
2.06
1.03
1.50
1.37
2.37
2.51
2.22
1.64
2.37
1.24
1.92
2.06
1.64
1.64
2.58
2.61
3.47

(keV)

(ks 1 )

(ks)
199.04
221.48
194.41
189.30
117.59
198.97
108.43
211.13
181.58
204.12
153.10
215.20
203.50
234.67
49.94
187.14
223.00
219.55
199.96
220.96
205.28
207.37
207.46
194.72
200.05
178.06
195.27
204.94
185.89
206.73
42.99
137.30
211.67
207.00
211.12
27.31
156.19
194.40
194.59
191.18
165.76
19.14
215.49
191.25
183.15
194.21
32.71
69.91
69.10

Med E

Count Rate

Eff. Exposure Time

1.21
0.32
1.29
1.06
0.30
0.18
0.06
0.29
2.70
1.03
1.68
14.33
15.46
5.96
10.80
16.06
0.07
0.09
0.42
1.00
0.98
1.02
–
0.59
0.57
1.07
0.87
1.04
0.07
0.68
0.78
0.89
1.34
0.01
0.51
0.24
1.83
2.11
1.58
0.83
1.83
0.08
1.16
1.34
0.82
0.82
2.26
2.33
5.59

1
NH
(⇥1022 cm 2 )

2

–
1.92⇥1030
5.36⇥1030
9.1⇥1029
3.08⇥1030
9.9⇥1031
1.05⇥1030
7.49⇥1030
1.5⇥1030
4.14⇥1029
–
1.12⇥1031
3.57⇥1031
9.6⇥1030
5.95⇥1030
3.57⇥1031
–
–
–
–
5.87⇥1029
–
–
9.16⇥1029
7.35⇥1031
1.69⇥1030
–
–
1.05⇥1030
5.59⇥1029
5.83⇥1029
–
–
–
–
–
–
–
–
1.9⇥1030
–
1.24⇥1030
4.71⇥1029
–
2.87⇥1029
4.58⇥1031
1.20⇥1031
–
–

(erg s 1 )

Unabsorbed LX

0.66
0.44
0.77
0.88
0.29
0.24
0.19
0.25
–
0.83
0.93
1.52
2.99
1.90
1.68
–
0.43
0.54
0.47
0.54
0.58
0.39
0.60
0.54
0.42
1.41
0.80
0.73
0.28
0.26
0.37
0.23
0.78
0.23
0.34
0.32
0.39
1.09
0.47
0.66
–
0.31
0.74
0.90
0.99
0.44
1.16
1.21
0.96

H-K

1.13
0.86
1.40
1.56
0.82
0.77
0.74
1.15
1.505
1.77
2.00
1.73
1.715
2.58
2.04
–
0.70
0.92
0.78
1.27
1.08
0.83
1.18
1.08
1.15
2.78
1.79
1.69
0.52
0.82
1.02
0.63
1.78
0.67
0.97
0.89
0.96
1.78
1.15
1.04
–
0.83
1.55
1.32
1.75
1.03
1.60
2.35
1.54

J-H

0.23
0.15
0.14
0.07
-0.04
0.08
-0.03
0.19
0.02
0.16
0.07
1.14
1.66
0.89
–
1.32
–
–
–
-0.25
0.12
0.20
–
0.25
0.16
0.17
–
-0.48
–
–
–
–
–
–
–
–
–
0.69
0.39
0.40
0.54
0.30
0.30
0.44
0.50
0.38
0.61
0.67
0.48

[3.6-4.5]

Table 2.2. X-ray Sources with Infrared Counterparts

1.58
0.65
1.12
1.71
0.29
0.20
0.33
0.37
0.20
0.24
0.27
0.98
1.19
1.21
0.84
1.03
–
–
–
-0.94
0.08
0.09
1.37
0.21
0.12
-0.03
-0.33
–
–
–
–
–
–
–
–
–
1.33
1.25
1.14
1.16
0.80
0.95
0.92
0.82
0.65
0.77
0.70
0.76

[5.8-8.0]

3.39⇥1033
1.76⇥1033
3.28⇥1033
2.32⇥1033
4.97⇥1032
4.01⇥1032
8.61⇥1032
9.08⇥1033
4.24⇥1031
1.96⇥1032
2.64⇥1032
1.28⇥1033
6.19⇥1033
1.89⇥1034
2.01⇥1034
7.72⇥1032
6.50⇥1031
5.50⇥1031
1.34⇥1032
1.03⇥1032
3.12⇥1033
4.46⇥1032
2.67⇥1031
4.15⇥1032
8.93⇥1032
2.56⇥1032
2.68⇥1031
1.46⇥1032
4.24⇥1031
3.73⇥1032
1.95⇥1032
7.54⇥1031
3.59⇥1031
8.77⇥1031
1.03⇥1032
2.22⇥1032
1.14⇥1032
3.02⇥1033
2.19⇥1032
5.83⇥1033
5.37⇥1031
9.63⇥1032
3.95⇥1032
3.95⇥1032
6.62⇥1032
2.78⇥1033
1.53⇥1034
1.06⇥1033
1.93⇥1033

LIR
(erg s 1 )
Transition3
Transition3
Transition3
Transition3
Transition
Transition
Transition
Transition
Transition
Transition
Transition
Class I
Class I
Class I
Class I
Class 0/I
Class III
Class III
Class III
Class III
Class III
Class III
Class III 6
Class III
Class III
Class III
Class III
Class III
Class III
Class III
Class III
Class III
Class III
Class III
Class III
Class III
Class III
Class II3
Class II3
Class II3
Class II3
Class II
Class II
Class II
Class II
Class II
Class II
Class II
Class II

Class

05460017+0003070
05460960-0003312
05461030-0000066
05461162-0006279
05461889-0005381
05461906+0003295
05462913+0002590
05463328+0002518

05461226-0008078
05460840-0003150
05454755-0009342
05455695-0007510
05460024-0008262
05460134-0000136
05460407-0003228
05460457+0000381
05460575-0002396
05460937-0006578
05461198-0004021
05461846-0007551
05460798-0001521
05455311-0013248
05461101-0017399
05464728-0008047
05455557-0007435
05455711-0002030
05455857-0002001
05460353+0002546
05454455-0010355
05461858-0000190
05455672-0000253
05461946-0005199

05460898-0002155
05462243-0008526
05461157-0002202
05461771-0000143
05453826-0008109
05454167-0004024
05454194-0012053
05460788-0011568
05460984-0005591
05462018-0010197
05463590-0003286
05460787-0010014
05460845-0010029
4
05461313-0006048
05464311+0000523

2MASS ID
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6

5

4

3

2

+00:01:39.7
-00:01:37.0
+00:01:22.0
-00:16:34.1
-00:09:28.9
-00:19:49.0
-00:07:44.5
-00:09:10.3
-00:08:36.0
-00:02:38.2

DEC

ikely cosmic ray afterglow detection within 2.5” of a Class III YSO

Upper limit measurement in J, H, or K

V1647 Ori

Tentative classification due to excess 8 µm extended emission.

0.78
0.74
2.00
1.69
1.17
4.59
0.03
0.07
1.63
0.18

2.07
2.53
1.68
2.46
2.62
2.81
1.72
0.95
2.83
1.08

(keV)

(ks 1 )

(ks)

80.15
163.72
81.41
45.29
219.62
40.79
195.59
214.81
138.91
162.98

Med E

Count Rate

Eff. Exposure Time

Spectrally derived from high count rate sources.

NH derived from median energy

05:46:35.50
05:46:35.61
05:46:37.06
05:45:51.58
05:45:57.79
05:46:05.77
05:46:10.79
05:46:13.19
05:46:44.40
05:46:32.47

50
51
52
53
54
55
56
57
58
59

1

RA

ID

1.35
2.15
0.88
2.00
2.36
2.86
0.95
–
2.92
0.01

1
NH
(⇥1022 cm 2 )

2

–
8.68⇥1029
4.58⇥1029
–
–
–
–
–
–
–

(erg s 1 )

Unabsorbed LX

Table 2.2—Continued

0.62
1.38
0.90
–
–
–
–
0.05
0.84
0.785

H-K

1.04
2.445
1.25
–
–
–
–
0.95
0.695
0.75

J-H

0.23
0.73
0.72
–
–
–
–
–
–
–

[3.6-4.5]

1.04
0.58
0.95
0.47
1.00
0.19
–
–
–

[5.8-8.0]

4.67⇥1032
7.35⇥1031
3.33⇥1033
2.29⇥1030
2.01⇥1030
1.86⇥1030
1.35⇥1029
1.45⇥1031
1.21⇥1031
9.00⇥1030

LIR
(erg s 1 )

Class II
Class II
Class II
–
–
–
–
–
–
–

Class

05461317-0009100
05464432-0008361
05463246-0002385

05463549+0001389
05463560-0001371
05463705+0001217

2MASS ID
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Table 2.3

5
5
4
5
4
4
5
4
4
4
4

17
15
14
15
14
14
15
13
13
14
13

29
33
29
33
29
29
33
31
31
29
31

4
5
7
7
7
7
5
4
4
4
5

4
4
3
4
4
5
5
4
3
5
4

H

4
7
7
7
7
7
6
4
4
5
5

9
14
13
12
10
14
13
8
8
11
9

17
21
19
18
16
23
20
14
14
18
16

Class II
YSOs in FOV2
B
X-ray
IR

240 ks observation.

detected YSOs from the merged

3
4
2
1
2
3
3
3
3
2
4

S

detection is a requirement for Class III classification.

3
4
2
1
3
3
3
3
3
2
4

%

2 X-ray

1
1
1
1
0
0
1
1
1
1
2

471
609
713
718
856
1319
1727
1797
1798
1854
1943

H

1 X-ray

S

JD-2453000

Class 0/I
YSOs in FOV2
B
X-ray
IR

53
67
68
67
63
61
65
57
57
61
56

%

8
6
5
5
7
6
7
8
7
8
9

S

6
5
5
5
6
6
4
7
8
3
6

H

9
8
6
6
8
7
8
8
8
8
9

11
9
9
9
11
9
10
10
10
10
11

15
14
13
13
17
16
16
16
16
16
16

Transition Disk
YSOs in FOV2
B
X-ray
IR

Table 2.3. X-ray Detection of YSOs by Observation

73
64
69
69
65
56
63
63
63
63
69

%

5
8
9
7
9
8
8
5
7
8
8

S

4
3
2
1
3
1
2
2
3
3
1

H

5
5
8
4
9
6
8
5
6
7
7

18
19
18
19
19
18
20
20
20
19
18

18
19
18
19
19
18
20
20
20
19
18

Class III1
YSOs in FOV2
B
X-ray
IR

Chapter 2. Star Formation in Orion’s L1630 Cloud: Infrared and Multi-epoch X-ray Study 71

Table 2.4

-00:05:59.4

05:46:17.71

05:45:38.26

05:45:41.67

05:45:41.95

05:46:07.90

05:46:09.86

05:46:20.17

05:46:07.85

05:46:08.43

05:46:13.15

05:46:43.12

05:46:08.92

05:46:00.22

05:46:04.57

05:46:05.74

05:46:09.36

05:46:08.00

05:45:53.11

05:46:10.95

05:46:19.48

05:46:00.17

05:46:09.61

05:46:11.60

05:46:18.89

05:46:19.08

05:46:35.61

05:46:37.06

4

5

6

7

8

9

10

12

13

14

15

16

21

24

25

26

29

30

31

40

42

43

45

46

47

51

52

+00:01:22.0

-00:01:37.0

+00:03:29.7

-00:05:38.2

-00:06:27.8

-00:03:31.1

+00:03:07.3

-00:05:20.1

-00:17:39.8

-00:13:25.0

-00:01:52.3

-00:06:57.6

-00:02:39.7

+00:00:38.1

-00:08:26.3

-00:09:56.1

+00:00:52.4

-00:06:04.7

-00:10:01.0

-00:10:01.2

-00:10:19.9

-00:12:05.6

-00:04:02.1

-00:08:11.1

-00:00:14.2

-00:02:20.6

1)

2.00

0.74

26.90

22.87

0.97

0.99

-

5.71

3.37

1.24

0.97

0.64

1.33

1.07

1.56

0.53

2.57

6.24

0.84

0.90

0.66

0.68

32.32

5.90

2.12

4.54

1.94

11.28

5.66

(ks

Count Rate

NH

T1

26.82+4.9
3.4
31.57+3.7
3.3
35.28+19.2
10
3.16+3.8
1.1
14.56+3.9
3.2
29.05+24.2
10.9
9.48+1.3
0.6
17.9+11.2
6.1
21.95+11.5
8.0
1.72+4.65
0.63
15.83+19
5.2
52.13+27.5
11.1
45.89+71.0
25.8
16.04+27.3
6.9
23.49+6.7
5.1
10.89+2.6
2.3
13.72+8.1
3.6
14.22+10.0
5.0
9.22+6.2
1.6
20.74+21.5
7.4
41.03+63.2
16.2
10.05+2.7
2.5
14.36+4.6
3.9
37.81+33.8
12.5
28.7+13.5
16.9
3.33+0.8
0.7
118.51+234.7
48.2
31.62+36.8
15.1
46.65+53.7
19.7

(MK)

1.23+0.1
0.1
0.98+0.3
0.3
0.63+0.3
0.2
1.04+0.5
0.2
0.17+0.1
0.1
0.26+0.0
0.0
4.45+2.1
1.5
1.02+0.7
0.5
20.8+13.49
13.39
30.72+12.5
11.5
4.49+0.5
0.6
9.79+6.8
3.3
25.76+15.4
12.6
0.94+0.3
0.3
1.12+0.2
0.2
1.93+0.7
0.4
2.17+1.4
1.4
0.76+0.2
0.2
0.74+0.3
0.4
0.1+0.2
0.1
0.688+0.3
0.2
0.35+0.4
0.4
0.9+0.4
0.4
0.58+1.1
0.3
1.26+0.1
0.1
0.96+0.2
0.2
1.94+0.8
0.9
0.2+0.3
0.2

2)

0.54+0.1
0.1

(⇥1022 cm

classification due to excess 8 µm extended emission.

flux including absorption (i.e., observed flux).

2 Tentative

1 Model

-00:11:56.6

05:46:11.60

3

-00:08:52.6

05:46:22.43

2

DEC

RA

ID

–

–

–

30.18+3.0
2.6

–

–

–

32.73+10.6
6.2

–

9.58+2.2
2.1

–

–

1.77+2.0
0.8

–

–

–

–

–

–

-

–

–

17.04+2.9
2.9
1.06+0.5
0.1
10.93+1.0
1.8
30.67+2.1
1.6

–

–

8.28+1.0
0.8

(MK)

T2

2.15E-4+2.5E
1.8E
3.53E-5+1.3E
9.7E
9.25E-5+5.9E
5.5E
2.08E-5+5.4E
5.1E
1.76E-5+7.9E
7.4E
3.94E-5+1.4E
1.4E
6.18E-5+1.1E
6.2E
1.78E-5+1.5E
8.7E
4.82E-4+2.65E
4.82E
1.41E-3+7.4E
1.4E
3.30E-4+7.6E
7.3E
2.13E-4+6.6E
1.0E
1.42E-3+1.8E
1.4E
2.51E-5+9.8E
7.0E
2.67E-5+1.4E
8.6E
2.83E-5+2.4E
1.5E
6.06E-5+1.1E
6.1E
2.83E-5+1.6E
1.2E
7.89E-6+6.9E
6.0E
2.15E-5+7.2E
5.7E
1.50E-5+2.2E
1.0E
4.48E-5+3.7E
1.7E
1.79E-5+9.9E
5.6E
1.18E-5+2.5E
3.5E
1.64E-3+2.5E
8.9E
3.65E-4+5.2E
3.3E
3.48E-5+3.1E
1.7E
1.63E-5+6.5E
4.1E

3.97E-5+5.8E
7.0E

Norm. 1

6
6
5
5
5
6
4
5
6
6
6
6
5
5
4
5
5
6
3
4
3
3
5
5
4
4
2
3
6
6
5
6
5
5
4
5
5
5
6
6
6
6
5
5
5
5
6
6
5
6
3
4
5
5
5
5
6
6

–

–

–

2.73E-4+2.7E
2.5E

–

–

–

5.38E-5+6.2E
1.3E

–

1.02E-5+1.4E
8.3E

–

–

5.89E-3+2.5E
2.5E

–

–

–

–

–

–

-

–

–

3.75E-5+1.0E
7.2E
5.40E-2+3.0E
9.8E
1.81E-5+1.0E
7.4E
2.44E-4+1.1E
1.5E

–

–

2.57E-5+1.7E
1.2E

Norm. 2

Table 2.4. L1630 YSO X-ray Spectral Analysis

5
5

6
5

5
6

1
3

5
6
1
3
5
6
5
5

5
5

1.39E-13+1.5E
1.9E
2.65E-14+7.3E
1.1E
3.03E-14+6.3E
1.5E
1.45E-14+1.3E
9.9E
4.00E-14+6.1E
1.0E
2.76E-13+1.5E
2.0E
1.09E-14+2.0E
1.1E
9.24E-15+2.9E
9.2E
3.06E-14+1.00E
3.06E
3.03E-14+7.0E
3.0E
2.01E-13+2.3E
4.4E
8.32E-14+3.5E
8.3E
3.91E-14+9.2E
3.9E
1.42E-14+3.6E
5.8E
8.11E-15+3.2E
5.2E
9.32E-15+1.4E
9.3E
1.33E-14+6.4E
1.3E
1.13E-14+3.7E
1.0E
8.88E-15+3.6E
5.2E
2.73E-14+1.2E
1.6E
4.96E-14+8.2E
9.6E
3.53E-14+1.5E
3.5E
1.44E-14+4.3E
7.9E
9.06E-15+3.0E
3.9E
2.10E-13+2.0E
4.4E
4.43E-13+5.6E
7.8E
1.91E-14+9.2E
1.9E
2.00E-14+7.1E
7.1E

4.33E-14+5.1E
1.0E

15
14
14
14
15
14
15
14
15
15
15
14
14
14
15
14
15
15
14
14
15
14
14
14
14
14
15
14
15
15
15
15
15
15
15
14
15
14
15
15
14
14
15
15
14
14
15
15
15
15
14
14
14
14
15
14
15
15

1 cm 2 )

Absorbed Flux1
(erg s

0.97

0.62

0.88

1.56

0.75

0.54

0.64

1.13

1.02

0.62

1.29

0.86

0.76

0.88

0.55

0.64

0.67

0.84

0.92

0.7

0.51

0.66

1.1

1.07

0.74

0.88

0.94

1.22

1.25

Red.

2

Class II

Class II

Class II

Class II

Class II

Class II

Class II

Class II2

Class III

Class III

Class III

Class III

Class III

Class III

Class III

Class 0/I

Class 0/I

Class 0/I

Class 0/I

Class 0/I

Transition

Transition

Transition

Transition

Transition

Transition

Transition2

Transition2

Transition/ClassII

Class
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Table 2.5.
Class

Median NH
⇥1022 [cm 2 ]

0/I
II
Transition
III

20.8
0.90
0.98
0.94

1

Class 0/I
Flat Spectrum
Class II
Transition Disk
Class III
Total

1

Median LX
[erg s 1 ]
9.6
1.2
1.9
9.2

⇥
⇥
⇥
⇥

1

Median (LX /LIR )

1030
1030
1030
1029

5.8
9.9
1.6
3.0

⇥
⇥
⇥
⇥

10
10
10
10

3
4
3
3

Intrinsic LX

Table 2.6.

Class

Spectral Properties of X-ray Bright YSOs

YSO Infrared Detections with X-ray Counterparts

Serpens (W07)
Infrared X-ray
%
22
16
62
17
21
138

9
8
20
2
(21)
60

40.9
50
32.3
11.8
...
43.5

Coronet (FP07)
Infrared X-ray
%
10
17
12
27

9
14
(12)
23

90
82.5
...
85.2

L1630 (this study)
Infrared X-ray
%
19
26
21
21
87

5
15
11
(21)
52

26.3
57.7
52.4
...
59.77
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Figure 2.17 SEDs of Class 0/I X-ray detected YSOs constructed from 2MASS (diamond), Spitzer
(diamond), and WISE (asterisk) data when available. In the case of V1647 Ori (Source #14),
post-outburst JHK photometry [triangle; 10]. Boxes plotted over WISE data signify high variability and/or possible contamination or confusion of photometry.
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Figure 2.18 SEDs of Class II X-ray detected YSOs from 2MASS (diamond), Spitzer (diamond),
and WISE (asterisk) data when available. Boxes plotted over WISE data signify high variability
and/or possible contamination or confusion of photometry.
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Figure 2.18 (continued) SEDs of Class II X-ray detected YSOs from 2MASS (diamond), Spitzer
(diamond), and WISE (asterisk) data when available. Boxes plotted over WISE data signify
high variability and/or possible contamination or confusion of photometry.
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Figure 2.18 (continued) SEDs of Class II X-ray detected YSOs from 2MASS (diamond), Spitzer
(diamond), and WISE (asterisk) data when available. Boxes plotted over WISE data signify
high variability and/or possible contamination or confusion of photometry.
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Figure 2.19 SEDs of X-ray detected Transition Disk YSOs from 2MASS (diamond), Spitzer
(diamond), and WISE (asterisk) data when available. Boxes plotted over WISE data signify
high variability and/or possible contamination or confusion of photometry.
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Figure 2.19 (continued) SEDs of X-ray detected Transition Disk YSOs from 2MASS (diamond),
Spitzer (diamond), and WISE (asterisk) data when available. Boxes plotted over WISE data
signify high variability and/or possible contamination or confusion of photometry.
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Figure 2.20 SEDs of Class III X-ray detected YSOs from 2MASS (diamond), Spitzer (diamond),
and WISE (asterisk) data when available. Boxes plotted over WISE data signify high variability
and/or possible contamination or confusion of photometry.
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Figure 2.20 (continued) SEDs of Class III X-ray detected YSOs from 2MASS (diamond), Spitzer
(diamond), and WISE (asterisk) data when available. Boxes plotted over WISE data signify
high variability and/or possible contamination or confusion of photometry.
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Figure 2.20 (continued) SEDs of Class III X-ray detected YSOs from 2MASS (diamond), Spitzer
(diamond), and WISE (asterisk) data when available. Boxes plotted over WISE data signify
high variability and/or possible contamination or confusion of photometry.

Chapter 2. Star Formation in Orion’s L1630 Cloud: Infrared and Multi-epoch X-ray Study 83

Figure 2.20 (continued) SEDs of Class III X-ray detected YSOs from 2MASS (diamond), Spitzer
(diamond), and WISE (asterisk) data when available. Boxes plotted over WISE data signify
high variability and/or possible contamination or confusion of photometry.

Chapter 3

Investigating the Extreme
Variability of the Nearby, Pre-MS
Binary TWA 30
3.1

Introduction

Contemporaneous multiwavelength observations of nearby pre-MS stars provide the opportunity to investigate variable astrophysical phenomena and to measure circumstellar gas to dust
ratios in the likely progenitors of protoplanetary systems. Near infrared and optical variability
has been characterized in many pre-MS star-disk systems and is the likely result of star-disk
interactions [e.g., accretion, disk warps, winds 58, 139]. The two components of the recently
discovered wide separation binary TWA 30 AB [102, 103], represent two of the nearest examples
of actively accreting pre-MS star-disk systems (d⇠40 pc). Each TWA 30 component displays
evidence for a nearly edge-on circumstellar disk with signatures of both jet emission and highly
variable near-IR excesses. The excess emission is variable on timescales of days. Nearly edge-on
disks like TWA 30 A and B directly o↵er a means to study both dust and gas emission and
absorption, respectively, by measuring the attenuation of coronally and/or accretion generated
X-rays by circumstellar gas and the attenuation and/or reprocessing of photospheric near-IR
84
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and optical emission by circumstellar dust. In general, such nearby star/disk systems will su↵er
less interstellar extinction and thus observations of nearby systems will yield results with less
contamination from interstellar dust and gas. For systems like TWA 30AB, starlight extinction
due to the disk can then be measured and evaluated with more confidence.

3.1.1

The Young, Wide, Low-mass Binary System TWA 30 A and B

TWA 30 A and B are members of the ⇠8 Myr-old TW Hydrae Association (TWA), one of the
nearest (d⇠50pc) co-moving groups of pre-MS stars to Earth [42, 94, 105]. Famous members
of the TWA have been extensively studied [e.g., TW Hya and Hen 3-600 24, 85, 92] because
their proximity and age makes them ideal targets for the study of protoplanetary systems which
form in the first ⇠ 1-10 Myrs (Section 2.1). Furthermore, the proximity of the TWA allows for
easier classification and characterization of low-mass stars like TWA 30 A (M5) and B (M4)
since stars of such late spectral types would be too faint for detailed study at the > 100 pc
distances typical of well-studied star-forming clouds.
Both TWA 30 A and B have optical signatures of outflows in the form of strong forbidden
emission lines (FELs) of [O I], [O II], [N II], and [Si II]. These lines display small velocity shifts
with respect to rest velocity, suggesting that the outflows lie nearly perpendicular to the line of
sight. If the outflows are perpendicular to the circumstellar disk, then this orientation suggests
the viewing geometry of the circumstellar disks are nearly edge-on [102]. Both TWA 30 A and
B display significant near-IR excesses indicative of near-IR extinction and/or emission due to
dusty circumstellar disks. Such dusty disks are relatively rare in “old” (⇠ 8 Myr) pre-MS stars,
especially stars of M type. TWA 30 A and B also display remarkable near-IR variability on
timescales as small as days [102, 103]. However, the mechanism causing the near-IR variability
in TWA 30 A and B is believed to be di↵erent. The near-IR variability of TWA 30 A tends
to following the reddening vector, with typical values in the range of AV ⇠ 1-9, which suggests
that a changing column density of circumstellar disk dust is responsible for variable reddening of
the stellar photosphere. In contrast, the near-IR variability of 30 B tends to follow the classical
T Tauri star locus (CTTs), possibly indicative of reprocessed starlight emitted by an inner-disk
structure and variably scattered towards us [102].
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TWA 30 A was reported in Looper et al. [102] to have been detected in X-rays in the ROSAT
All Sky Survey (RASS) Faint Source Catalog, while TWA 30 B was not detected. As discussed
in Chapter 1, X-rays in pre-MS stars can be coronally generated and/or the result of star-disk
interactions (e.g., magnetic reconnection events and magnetically funneled accretion events)
and have been shown to be variable on timescales of days, weeks, months, and/or years [22].
Therefore X-ray observations of such stars and their X-ray variability o↵er a means to probe
pre-MS star magnetic and accretion activity. Furthermore, “soft” (< 1 keV) X-ray emission
is absorbed by circumstellar gas and can thus be used to estimate a line of sight gas column
density due to the disk. X-ray (and UV) emission is also an important source of disk ionization
and chemistry in protoplanetary disks. X-ray (and UV) heating can alter the disk structure by
heating the surface layers of the disk resulting in a “flared disk”. The non-detection of TWA 30
B in X-rays could suggest either that the star is not emitting X-rays or that the gas line-of-sight
column density is so large that all of its emitted X-rays are absorbed.
Given the high degree of near-IR variability of TWA 30 A and B, investigations of their multiwavelength properties requires the use of contemporaneous/simultaneous observations. I present
the first near-simultaneous X-ray/near-IR observations of TWA 30 A and B to investigate a)
magnetic activity, b) possible X-ray accretion shock signatures, c) the origin of variability in
each system and d) the potential correlation of near-IR extinction (AV ) and X-ray absorbing
column (NH ) due to dust and gas, respectively, in their circumstellar disks. I discuss the observations in section 2, the data reduction and results in section 3, and a discussion in section
4.

3.2
3.2.1

Observations
Near Infrared and Optical

Near-infrared/optical spectroscopy of TWA 30A and 30B was obtained in 2011 June and July
with the Infrared Telescope Facility (IRTF) and the Very Large Telescope (VLT), respectively.
These observations were timed so as to coincide near simultaneously with a pair of ⇠20 ks X-ray
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exposures with the XMM-Newton X-ray Observatory. For more details about the telescopes or
instruments used in this thesis, please refer to section 1.2.4.
Observations of TWA 30 A and B were obtained using the medium resolution Spectrograph and
Imager (SpeX) on the IRTF. The IRTF SpeX data were reduced using a custom IDL code by
collaborator D. Looper following methods described in detail in Looper et al. [102, 103]. NearIR, optical and UV observations of TWA 30 A and B were obtained using the X-SHOOTER
instrument on the VLT. The VLT data were reduced using IRAF by collaborator B. Stelzer and
have been flux calibrated and telluric corrected using standard processing methods. Following
these basic reduction steps, all analysis on IRTF and VLT data has been performed by the
author. Details of the observations are provided in Table 3.1.

3.2.2

X-rays

X-ray observations of TWA 30 A and B (Table 3.1) were obtained with the European Photon
Imaging Camera (EPIC) instrument on board the XMM-Newton Observatory (PI: G. Sacco).
Two ⇠ 20 ks exposures were obtained near simultaneously with the VLT and IRTF observations,
respectively. All observations were reduced using the ESA XMM Science Analysis System (SAS)
version 11.0. Observations with the EPIC instrument include both the pn and the two MOS
CCDs. Observations using all three detectors have been energy filtered (0.15 - 10 keV) and
filtered for flaring particle background. Unfortunately, the XMM-Newton observation obtained
in 2011 June was contaminated by a large solar flaring event (Figure 3.1). In order to extract
data from this observation, the event files were time filtered such that only the data during the
first ⇠10 ks were used. Standard XMM-SAS tasks were used to extract spectral files as well
as region statistics, including source count rates and background count rate estimates at the
positions of TWA 30 A and 30 B in both observations. Extraction regions were circles with
radii of ⇠10 arc seconds centered at the position of TWA 30 A and 30 B. The pn CCD field of
view of the 2011 July TWA 30 observation is shown in Figure 3.2.
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Figure 3.1 XMM-Newton X-ray light curve for June 2008 observation.

Figure 3.2 Smoothed XMM-Newton X-ray image (left) and 2MASS near-IR image (right) of
TWA 30A and 30B.
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Table 3.1 TWA 30 Observations

1

Target
Obs. Date [UTC]
TWA 30A 2011-06-07 10:40:52
TWA 30A 2011-06-08 05:53:04
TWA 30A 2011-06-08 07:14:16
TWA 30A 2011-07-15 00:00:07
TWA 30A 2011-07-15 21:59:40
TWA 30 B 2011-06-07 10:40:52
TWA 30 B 2011-06-08 06:35:21
TWA 30 B 2011-07-15 00:38:27
TWA 30 B 2011-07-15 21:59:40
Observation was interrupted by solar

3.3
3.3.1

Telescope
Wavelength Exposure (s)
XMM-Newton
X-ray
28,7001
IRTF
NIR
120
IRTF
NIR
150
VLT
UVB-NIR
150
XMM-Newton
X-ray
21,900
XMM-Newton
X-ray
28,7001
IRTF
NIR
150
VLT
UVB-NIR
290
XMM-Newton
X-ray
21,900
storm and the full exposure time was not used.

Results
Near-IR and Optical Spectroscopy

Reduced spectra of TWA30 A and B from Looper et al. [102, 103] were provided by D. Looper
and compared to the more recent IRTF and VLT observations presented in this thesis (Figures
3.4, 3.5, and 3.6). The comparison is discussed further in Section 4. In the case of TWA 30A,
the continuum shapes during the June and July 2011 epochs are similar to those of the most
and least reddened spectra presented in Looper et al. [103], respectively (Figure 3.4). We note
that the TWA 30 A spectra are also flatter in the J band region than the spectra displayed in
Looper et al. [103]. We also measure a significant change in H band flux between observations
separated by only ⇠1 hour. The high resolution (R⇠ 2000) SpeX cross dispersed spectrum is
compared with that of Looper et al. [103] in Figure 3.5. The position of absorption lines of Ca
I, Na I, and CO are indicated. In contrast to the June/July 2011 continuum shape change in
TWA 30A, both TWA 30B spectra appear to closely resemble those in Looper et al. [102] that
display the least amount of extinction (Figure 3.6).
Standard broad-band near-IR (JHK) photometry was extracted from the June and July 2011
IRTF and VLT spectra using standard 2MASS JHK filter bandpasses [37]. A custom IDL
program was used to integrate spectral flux within each filter bandpass.1 In Figure 3.7 the
1

The near-IR and optical spectroscopy results presented in this thesis will be limited to calculations involving
extinction and continuum shape. Detailed line analyses will be presented in a future paper by B. Stelzer.
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IC Colors and Extinction

Target
Obs. Date [J-H] [H-K] [J-K]
AV 1
TWA 30A 2011-06-08 1.37
1.3
2.67 14.9+0.6
1.3
TWA 30A 2011-06-08 1.45
1.19
2.64 13.3+0.7
1.2
TWA 30A 2011-07-15 0.78
0.58
1.36
2.5+0.6
0.5
TWA 30B 2011-06-08 0.72
0.45
1.17
TWA 30B 2011-07-15 0.62
0.41
1.03
1 Measured using reddened template spectra.
e↵ective 2MASS colors are overplotted on a color-color diagram of TWA 30 A and B that
originally appeared in Looper et al. [102, 103]. Figure 3.7 demonstrates that at the epoch of
our observations, the position of TWA 30 A is in a region of large extinction with slightly larger
H

K excess than previously reported, while TWA 30 B displays levels of near-IR excess near

or below the minimum previously reported.
Optical extinction from intervening dust grains (AV ) was measured for TWA 30A following the
same procedure described in Looper et al. [103]: i.e., spectral templates were reddened according
to the reddening curve presented in Cardelli et al. [29] with RV =3.1, and the resulting reddened
template stars were then compared by eye to the observed spectra so as to estimate the best
match in terms of both AV and spectral type. We spectroscopically classified TWA30 A for
each observation with the following spectral templates originally used in Looper et al. [103]
from the IRTF Spectral Library [129]: Gl 213 (M4 V), Gl 51 (M5 V) and Gl 406 (M6 V).
The best match to the 2011 June observations was provided by an M6 spectral template with
extinction corrections to AV = 14.9 and AV = 13.3, respectively. The best match to the 2011
July observation was provided by an M5 spectral template with extinction corrections toAV =
4.0 (Figure 3.8). Extinction errors were estimated by changing the reddened template AV until
it clearly no longer provided a good match to the spectrum in the 0.8-1.5 µm wavelength region
(i.e., the region most a↵ected by extinction). The best match to the TWA 30B spectra was
provided by an M4 spectral template (Figure 3.6). No values of AV were calculated because
variability in TWA 30B is likely due to near-IR excess and not photospheric extinction. The
JHK colors and measured values of AV for TWA 30 are shown for each observation in Table
3.2.
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Figure 3.3 VLT UVB-NIR spectra of TWA 30 A and B.

3.3.2

X-ray Properties of TWA 30 A and B

X-ray spectra of TWA 30 A from the two XMM-Newton observations were extracted and fit
with an absorbed, single-temperature thermal plasma emission model using XSPEC, following
methods described in Chapter 1.2.3.1. The free parameters of the fit were model normalization
(proportional to the emission measure), X-ray plasma temperature (TX ), and neutral hydrogen
absorbing column (NH ). The absorbed X-ray flux (FX ) were determined from the best fit model
(red.

2

= 1.448 and 0.998 respectively). An intrinsic (i.e., unabsorbed) X-ray luminosity (LX )

was calculated using the best fit model assuming NH =0. The resulting X-ray spectral fit
parameters for TWA 30 A are listed in Table 4.2. We find no evidence of excess soft (. 1
keV) X-ray emission indicative of shocked-heated plasma –such as would be expected given the
presence of accretion schocks or shocks in the acceleration region of a jet– at either observing
epoch. The July 2011 X-ray spectrum of TWA 30A is shown in Figure 3.9 with confidence plots
in Figure 3.10.
The June 2011 TWA 30A X-ray spectral fits su↵er from large and unconstrained errors (e.g., kT
and FX ; Figure 3.11) due to particle flaring contamination, which reduced the e↵ective exposure
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Figure 3.4 Top: Multiple epochs of TWA 30A near-IR SpeX spectra from [103] compared to
2011 June and 2011 July observations from SpeX (green) and VLT (teal), presented in this
work. Two observations taken on 2011 June 8 separated by ⇠1.5 hours are shown (thin and
thick green). Bottom: High and low extinction states of TWA 30A from Looper et al. [103]
and the (2011 June and July) spectra analyzed here, compared to an unreddened M5 spectral
template (black). All spectra have been normalized to the flux at ⇠2.15 µm.
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Figure 3.5 Multiple TWA 30A near-IR SpeX high resolution spectra [top; 103] and the TWA
30A near-IR SpeX (bottom) presented in this thesis.
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Figure 3.6 TWA 30B SpeX observations from Looper et al. [102] exhibiting high and low levels
of disk excess compared to an M4 spectral template and 2011 June and 2011 July observations
from SpeX (green) and VLT (teal) presented in this work. All spectra have been normalized to
the flux at ⇠1.27 µm.
time. The July 2011 X-ray spectral fits of TWA 30A are better constrained. However, we find
that the best-fit values of NH and TX are double-valued: models with NH = ⇠ 0.1 ⇥ 1022 cm
and NH = ⇠ 1 ⇥ 1022 cm
2.

2,

2

respectively, both fit the data with acceptable values of reduced

However, the plasma temperature is better constrained in the low-NH model, leading to

a better overall fit to the data. We therefore adopt this value of NH for the purposes of this
study.
TWA 30B was not detected in either observation; its pn-CCD upper limit count rate was estimated to be . 1.6 x 10

3

s

1

for both observations. An upper limit intrinsic X-ray luminosity

for TWA 30 B can be estimated from the upper limit count rate by assuming a plasma temperature and absorbing column identical to that of TWA 30 A. Doing so, I find the upper limit on
intrinsic LX for TWA 30 B is . 3.5 ⇥ 1027 erg s

1.

X-ray light curves were also constructed for

TWA 30A and the position of TWA 30B using the 2011 July data, to search for short-timescale
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Figure 3.7 JHK color-color plot from Looper et al. [102] of TWA 30A and 30B. The colors
measured for TWA 30A and 30B in this work are overlaid as colored X’s.
Table 3.3 X-ray Spectral Fit Parameters for TWA 30 A
Obs. Date
UTC
2011-06-08
2011-07-15

Count Rate
1 ⇥ 10 3 [s 1 ]
5.1 ±1.8
11 ±1.2

e↵exp
[ks 1 ]
10.6
16.7
1 Poorly

NH
[1 ⇥ 1022 cm
0.82+1.6
0.50
9.1E-2+1.0E
4.8E

2]
1
2

kT
[keV]
2.321
2.0+.39
.31

Norm.
1 ⇥ 10 5
2.3+1.9
2.2
1.9+.41
.38

Absorbed FX
[erg cm 2 s 1 ]
5.94E-141 2.78E 13
15
2.24E-14+4.2E
2.9E 15

Intrinsic LX
[erg s 1 ]
1.70E+28
5.90E+27

constrained parameter due to low number of counts.

X-ray variability (Figure 3.12). No such variability is evident in the case of 30A, while the light
curve for 30B confirms its non-detection throughout the observation.

3.3.3

Comparing NH and AV for TWA 30A

A comparison of measurements of NH and AV for TWA 30A at our two observing epochs (see
Tables 3.2 and 3.3) is shown in Figure 3.13. These results are overlaid with NH vs. AV curves
determined for the ISM [154] and pre-MS stars in ⇢ Ophiuchi [154], as well as measurements
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Figure 3.8 SpeX spectra of TWA 30A for the two June 2011 epochs compared with that of
the most extincted observation from Looper et al. [103]. Respective best fit reddened spectral
templates (brown) are over plotted for each epoch corresponding to AV = 9.0 [103], 13, and 14.9.
All spectra are normalized to the their corresponding spectral template at ⇠2.15 µm.
of young pre-MS stars in the ONC [55]. The 2011 June extinction corrections corresponding to
AV = 13.3 and 14.9 were too large to be shown on this plot and are marked with an arrow.
A possible correlation between optical and X-ray extinction is evident for TWA 30A: both AV
and NH decrease from the 2011 June to 2011 July observations. Furthermore, during both
observations, the data points for TWA 30A lie below the ISM and ⇢ Oph curves as well as the
locus of ONC data points. We discuss these apparent trends in Section 3.4.1 and 3.4.2.
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Figure 3.9 July 2011 X-ray spectrum of TWA 30A (crosses) fit with an absorbed one-temperature
thermal plasma model (histogram). Each model color (black, blue, red) represents the same
model fit to each of the XMM-Newton EPIC detectors (pn, MOS1, MOS2) , respectively.

3.4
3.4.1

Discussion
Near Infrared and X-ray Variability

Looper et al. [102, 103], based on data collected over the period 2008-2009, have previously
shown that, TWA 30A and 30B are highly near-IR variable on timescales of days and that
their variations follow the reddening vector and the cTTS (dust emission excess) locus, respectively. For TWA 30A, this variable emission was suggested to be due to variable obscuration
of the stellar photosphere by circumstellar dust. This explanation can account for the variable
reddening detected. However, in our new (2011) observations, reddening of the photosphere
alone cannot account for TWA 30A’s variability. Instead, our measurements of [J-H] and [H-K]
colors (Figure 3.7) evidently display a combination of both reddening and infrared excess due
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Figure 3.10 Confidence plots for the July 2011 X-ray fit of TWA 30A.
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Figure 3.11 Confidence plots for the June 2011 X-ray fit of TWA 30A.
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Figure 3.12 July 2011 XMM-Newton X-ray light curves for TWA 30A and B.
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X
TWA 30A
-2011 June-

X

TWA 30A
-2011 July-

Figure 3.13 NH to AV relationship for a selection of X-ray bright pre-MS stars from the COUP
survey (data points), the ISM [top dashed line; 134], and pre-MS stars in ⇢ Ophiuchi [bottom
dashed line; 154] originally published in Feigelson et al. [55]. Measured values for TWA 30A are
plotted (red) with two data points having too large an AV (13.3 and 14.9 mag) to be shown in
this figure.
to dust emission. Furthermore, the slope of the continuum between ⇠0.8-1.3 µm is flatter in
the June/July SpeX observations compared with those of the Looper et al. [103] observations,
possibly indicative of an additional dust scattering component (Figure 3.4). We also note an
excess H band flux has been measured in the 07:14 UTC observation ⇠ 1.5 hours after the 05:53
UTC observation.
X-ray observations of TWA 30A show a decrease in LX from the June to July observations and
approximately an order of magnitude decrease in NH . These near simultaneous X-ray/near-IR
observations show a correlation between the decrease in optical extinction and a decrease in
hydrogen absorbing column. If variable obscuration of the photosphere is responsible for the
observed variable reddening in TWA 30A then this correlation suggests the obscuring material
is composed of both gas and dust.
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Figure 3.14 Magnetic activity as probed by LX /Lbol for low mass members of the TW Association originally appearing in Kastner et al. [90]. Upper limits are plotted with a downward
arrow.
Both observations measured TWA 30 B with low levels of near-infrared excess (Figure 3.7). A
comparison with Looper et al. [102] confirms these low levels of near-IR excess; both the 2011
June and July near-IR spectral observations closely match the spectral shape of the previous
[102] observations obtained at the lowest levels of near-IR excess (Figure 3.6). The non-detection
of X-ray emission from TWA 30B during this period of low near-IR dust emission level suggests
either TWA 30B was also not X-ray active at the time, or that there remained too much
circumstellar disk absorption for X-rays to be detectable.
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Relationship Between Atomic and Optical Extinction

Independent measurements of NH and AV can be used to determine the ratio of atomic absorption due to gas to optical extinction due to dust. Comparing these values as determined
for TWA 30A with those typical of the ISM (Figure 3.13) can help constrain the chemical
environment in which planets can form. The values of NH and AV for both epochs of TWA
30A are correlated and follow the trends displayed in Figure 3.13 for the ISM and stars in ⇢
Oph. TWA 30A lies below the line typical of that of the ISM, which indicates a deficiency of
the gas-phase metals (C, N, and/or O) that are most responsible for X-ray absorption. Two
possible explanations could be that these metals are not abundant in the gas component of the
TWA 30A disk, or that these metals are frozen out as molecular (e.g., CO, CO2 , CH4 ) ices onto
dust grains, reducing their X-ray absorption cross-sections. Such molecular gas freeze-out has
long been inferred in T Tauri Star circumstellar disks [e.g., 45] at radii larger than the snow
line for each chemical species. Recent observations have confirmed the presence of such a CO
snow line, in the case of TW Hya [128]. However, we caution that the NH /AV values typical of
that of the ISM depend on dust grain properties that are not necessarily characteristic of the
TWA 30A disk. Furthermore, standard X-ray absorbing models assume conditions similar to
that of the ISM, where only ⇠ 20% of available gas is in molecular form [158]. In circumstellar
disks, the percentage of gas in molecular form is likely to be far higher,and, as noted, the gas
phase metals may be depleted.

3.4.3

Magnetic Activity of TWA 30A and 30B

As discussed previously (Chapter 1.2.2), magnetic activity in the lowest mass stars (i.e., M4
and M5 type stars) is poorly understood. The LX vs LR relationship that breaks down for
main sequence stars of type ⇠M7 or later (i.e., the result of stellar evolution of pre-MS stars
of earlier M type like TWA 30A and 30B) may be due to either changes in the magnetic field
configuration or a decrease in the ionization fractions in the atmospheres of these stars. A
smaller ionization fraction in the stellar atmosphere will decrease the coupling of that material
to the stellar magnetic fields and, thus, will decrease the coronal X-ray luminosity.
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The levels of the magnetic activity as probed via X-ray emission for TWA 30A and 30B are
shown in Figures 3.12 and 3.14. The light curve of TWA 30A does not show any evidence of
flare-like outbursting or strongly variable X-ray emission. We also looked for X-ray variability
at the position of TWA 30B in the event that a small flare could have produced a burst of X-ray
events over a short duration that may have gone undetected in the full exposure. We find no such
evidence of X-ray variability. We measured relative X-ray luminosity LX /Lbol , for TWA 30A and
an upper limit on LX /Lbol for 30B (Figure 3.14). We find the value of LX /Lbol for TWA30A is
significantly lower than when previously measured by ROSAT ⇠20 years earlier. Furthermore, a
general trend in decreasing X-ray activity (as measured by LX /Lbol ) with increasing M spectral
type subclass is apparent for low-mass members of the TWA [90]. TWA 30A and 30B appear
to be at the cusp of this X-ray active/inactive boundary. This suggests that, in this binary, we
could be seeing the “turn-o↵” of X-ray activity in pre-MS low mass stars that is observed in
main sequence stars of ⇠ M7 or later.

3.4.4

Accretion at TWA 30A

While evidence suggests TWA 30A is actively accreting [103], we do not detect excess soft
(. 1 keV) X-ray emission typically associated with accretion shocks. Based on the mass and
radius of TWA 30A, we can calculate the free-fall velocity of accreting material and estimate the
temperature that would be produced by this material when accreting onto the star. Following
Brickhouse et al. [24, and ref. therein], we can estimate the free-fall velocity from

vf f =

r

2GM⇤
1
R⇤

R⇤
rt

(3.1)

where M⇤ and R⇤ are the mass and radius of the star, respectively, G is the gravitational
constant, and rt is the truncation radius of the magnetic field. For TWA 30A [M =0.11 and
R =0.2; 79, 103], we thereby obtain vf f ⇠ 460 km/s, under the assumption rt >> R⇤ . Such a
velocity would shock-heat gas to temperatures

TX ⇠

3mvf f
⇠ 2.7M K
16k

(3.2)
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where m is the mean atomic mass and k is the Boltzmann constant. Such temperatures would
produce soft (⇠0.2 keV) X-ray excess detectable with XMM-Newton. This suggests the hydrogen absorbing column density (NH ) is too large to see the accretion signature and/or the
emission measure of shocked material is too small to detect. In the case of shocks at the base of
a jet, i.e., shocks farther from the star and thus more difficult to hide behind an absorbing disk,
archival Chandra observations could be used to further constrain the emission measure [75].

3.5

Summary

We use contemporaneous multiwavelength observations to study two of the nearest known examples of actively, accreting, pre-MS star systems. TWA 30 A and B have masses just above
the brown dwarf regime and are orbited by circumstellar disks viewed nearly edge-on, with evidence for collimated stellar outflows. Both TWA 30 A and B have previously displayed highly
variable near-infrared color excesses on timescales of hours to days. We present two epochs of
XMM-Newton X-ray observations contemporaneous with VLT XSHOOTER and IRTF SpeX
spectra to investigate variability, magnetic activity, and circumstellar gas to dust ratios associated with TWA 30A and 30B. We measure variable near-IR excesses that are consistent with
the range measured in previous studies. From X-ray spectral fitting of TWA 30A, we find an
X-ray flux of FX ⇠ 6 ⇥ 10

14

erg s

1

cm

2,

absorbing column NH ⇠1 ⇥ 1021 cm

2

and plasma

temperature of TX ⇠ 25 MK. No soft X-ray excess indicative of emission due to shocks, either
in accretion or jet activity, was detected. Magnetic activity, as probed by log(LX /LBOL ) ⇠
4.1, is characterized for TWA 30A and is shown to be significantly smaller than observed in
a previous ROSAT measurement ⇠20 years earlier. TWA 30 B was not detected by XMMNewton and an upper limit of FX ⇠ 5.9 ⇥10

15

erg s

1

cm

2

was estimated. Near-IR spectra

were analyzed to estimate disk dust extinction and, combined with XMM-Newton spectra, to
measure the ratio of NH /AV in the circumstellar disk of TWA 30 A. We near simultaneously
measure NH to AV ratios of 3 ⇥ 1020 and 6 ⇥ 1020 mag

1 cm 2

for the observations with the

lowest and highest extinction, respectively. These values are lower than those typical of the ISM
suggesting the circumstellar disk metals responsible for absorbing X-rays are either not present
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or frozen out onto dust grains. Furthermore, we find that the optical/near-IR extinction and
X-ray absorption appear to be correlated, based on their temporal variability.

Chapter 4

Heating the Primordial Soup:
X-raying the Circumstellar Disk of T
Cha
4.1

Introduction

Circumstellar disks around young (age 1-10 Myr), late-type, pre-main sequence (pre-MS) stars
serve both as sources of accreting material and the site of protoplanetary systems. Many of
these same nearby (age ⇠ 10 Myr) X-ray-bright pre-MS stars (TW Hya, T Cha) show variable
accretion rates as probed by H↵ optical emission lines [e.g., 1, 139], which in turn appears to be
closely linked to soft X-ray variability [44]. Disk instabilities associated with planet formation
could possibly lead to the observed variable accretion rates [138, and ref. therein]. Moreover, it
is becoming increasingly apparent that X-ray emission plays a significant role in the dispersal of
circumstellar disks [49]. X-ray observations of pre-MS stars with disks at or near the epoch of
giant planet formation o↵er a means to investigate such a role. Transitional disk objects like T
Cha, pre-MS stars with an inner hole in the disk likely cleared out by a forming planet [39, 104],
are natural targets to test these theories.
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T Chamaeleontis

T Cha is a G8V star with mass 1.5 M , rotation period of Prot ⇠3.2 days [107], and is located
in the nearby young [3-5 Myr; 115] stellar association ✏ Chamaleontis [139, 151]. At a distance
of 100 pc [135, and ref. therein], it is the closest known example of a highly inclined, actively
accreting, solar-mass star/disk system. T Cha is characterized by strong variability in the
optical bandpass (⇠3 mag in the V band). The strong, broad and variable optical emission lines
H↵, H , O I at 630 nm and the variable continuum slopes demonstrate that T Cha is actively
accreting from its circumstellar disk [139], despite its relatively advanced age. Schisano et al.
[139] discussed the possibility that the variable redshifted absorption features observed in the
H↵ line profile of T Cha could indicate erratic accretion episodes caused by instabilities in the
inner disk. Furthermore, they concluded that the observed variable H↵ features cannot solely
be the consequence of the brightening and fading of stellar continuum flux. They suggest that
the parts of the H↵ profile originating closer to the star could be a↵ected by occultation of
orbiting material or modulation induced by rotation [139]. Low-resolution variable H↵ profiles
can be seen in Figure 4.1 from [139]. Schisano et al. [139] inferred a nearly edge-on viewing
geometry for the T Cha star/disk system, based on large and variable extinction (AV in the
range 1-5; Figure 4.2), however, a more recent observation using near-IR interferometry has
placed the inclination at i⇠ 60 [119].
This inference of a highly inclined disk is supported by the large intervening gas column density
reported in Güdel et al. [77] and Sacco et al. [135] on the basis of XMM-Newton observations
of strong X-ray emission from T Cha. The X-ray spectral analysis from Sacco et al. [135] was
performed by the author of this thesis and is displayed in Figure 4.3. An intervening absorbing
column NH ⇠ 1022 cm

2

was determined using an absorbed two-temperature plasma model with

abundances set to those determined for TW Hya, a cTTS viewed nearly pole-on, using Chandra
HETGS observations [24]. Such a large column density –relative to other cTTSs like TW Hya
and V4046 Sgr with i⇠ 7 and ⇠ 35 , respectively – is consistent with the sub-mm wavelength
detection of a broad (line width ⇠ 10 km/s), double-peaked 12 CO(3-2) emission line [Figure 4.4;

135]. Interstellar absorption was measured for T Cha’s wide separation, low-mass companion
and was found to be negligible (NH = 1.6 x 1020 cm

2)

compared to T Cha’s disk absorption
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[93] suggesting the high column density reported for T Cha is mainly due to its circumstellar
disk. A comparison of the atomic absorption and optical extinction was performed in Sacco
et al. [135] by measuring the ratio (NH /AV ). While considering the large range of AV (⇠ 1.2-4.6
mag), they find a value of (NH /AV ) ⇠ 2-7 times greater than that of the ISM (NH /AV ). They
conclude this large value of (NH /AV ) may indicate a relatively large fraction of metals in the
gas phase in the T Cha disk.
The highly inclined T Cha disk has an estimated inner hole radius of ⇠15 AU [25, 139]. A
substellar companion at a distance of ⇠7 AU has recently been discovered and may have been
responsible for clearing the inner disk [84]. However, a more recent analysis by Olofsson et al.
[119] suggests the scattered light from the disk contaminates the interferometric signature of
the detection of the potential companion reported in Huélamo et al. [84], thus the detection
of this substellar companion remains controversial. The observed spectral energy distribution
of T Cha displays a mid-IR dip indicative of a dust gap of radius ⇠10 AU in the disk. SED
modeling indicates a likely circumstellar disk size of ⇠ 100-150 AU [139, Figure 4.5;]. There
is also evidence for the presence of an evolved disk grain population orbiting T Cha, based on
analysis of its circumstellar extinction, which is characterized by RV =5.5, (i.e., larger than
the standard ISM value of RV ⇠3). This apparent grain growth, and the presence of the inner
disk clearing, place T Cha among the key class of star/disk systems that are in transition
from optically thick gaseous disk to evolved debris disk. With the recent, yet controversial,
high spatial resolution adaptive optics imaging discovery of substellar companion, the evidence
for significant disk evolution, the discovery of a substantial reservoir of residual molecular gas
[135], a large disk inclination viewing angle, and its proximity to Earth, T Cha looms as an
increasingly important test case for the formation of giant planets and brown dwarfs within
gaseous circumstellar disks. T Cha star/disk system is hence a unique target for gratings X-ray
spectroscopy with Chandra/HETG.
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Figure 4.1 ATLAS low-resolution optical spectra of T Cha (left) with a close view of the H↵
line profile (right) over a duration of ⇠4 nights from Schisano et al. [139].

4.2

Observations

Chandra HETGS X-ray and SSO optical spectroscopy observations were coordinated so as to
be obtained near simultaneously and thereby investigate any possible correlation between Xray spectral properties and optical variability in T Cha. A summary of Chandra and SSO
observations are listed in Table 4.1. For more details about the telescopes and instruments used
in this thesis, please refer to section 1.2.4.

4.2.1

X-ray Observations

The X-ray observations of T Cha were obtained in 2013 Sept. and consist of three Chandra Xray HETGS exposures of ⇠ 60ks, 20ks, and 70ks, respectively, with the first and last observation
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Figure 4.2 A comparison of visual extinction and H↵ equivalent width of T Cha derived from
low-resolution ATLAS spectra in Schisano et al. [139]. The parameter [WH↵ (T Cha) - WH↵ (G8)]
represents the net emission after subtracting a model of photospheric H↵ absorption due to a
G8 star. The horizontal dashed line indicates the smallest level of optical extinction measured
in Schisano et al. [139].
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Figure 4.3 XMM-Newton X-ray spectrum and residuals of T Cha (crosses) from the EPIC pn
(black), MOS1 (red), and MOS2 (blue) detectors, respectively from [135]. The spectrum was
fit with an absorbed two-component thermal plasma model.

Table 4.1 Observations of T Cha
Obs ID
2041
2042
14601
2068
16370
16371
89

Date [UTC]
2013-09-18 09:41:34
2013-09-18 09:47:32
2013-09-18 17:33:33
2013-09-19 04:00:54
2013-09-19 14:58:21
2013-09-23 17:43:30
2013-09-24 04:33:54

Telescope
SSO
SSO
Chandra
SSO
Chandra
Chandra
SSO

Exposure Time [ks]
0.3
0.3
59
1
20
70
0.6
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Figure 4.4 Sub-mm CO(3-2) rotational emission line profile of T Cha obtained with the APEX
12 m telescope (solid histogram), with model Keplerian disk line profile overlaid (dashed curve)
from Sacco et al. [135].
separated by approximately one week (Table 4.1). Data reduction was performed using standard
processes in CIAO and by using the X-ray spectral analysis software ISIS (Interactive Spectral
Interpretation System) and the software scripts provided by TGCAT (Transmission Grating
Catalog and Archive). The CIAO routine tgdetect was used to determine the zeroth order
centroid of T Cha and the routine tg_create_mask was used to assign each event to a part of
the spectrum based on its spatial location on the detector. This routine considers e↵ects due to
mirror point spread function vs. o↵ axis angle. The CIAO routine tg_resolve_events is used
to assign each grating event to spectral orders. Good time interval filters and pixel grade status
are assigned via pipeline reduced data and were removed from the reduced data. The spectra
were then extracted from the event file using the routine tgextract.
Zeroth and first order spectra were extracted from each of the three X-ray observations. First
order spectra were binned to require 10 photon counts/bin for HEG and 5 counts/bin for
MEG. The HEG and MEG event data were wavelength filtered between 1-18.1 Å and 1-36.5 Å,
respectively. For each observation, model fitting was performed in parallel for the summed MEG
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Figure 4.5 The spectral energy distribution of T Cha with three models overplotted, which
illustrate di↵erent outer radii assumed for the extension of the circumstellar disk (50, 100 and
150 AU) from Schisano et al. [139].
and HEG data. A representative X-ray spectral image from the 2013 Sept. 23 observation of T
Cha is shown in Figure 4.6. Two point sources lie to the east of T Cha (Figure 4.6) that could
potentially have contaminated the T Cha spectra. However, these sources are very faint (⇠ 40
and 90 events) relative to the zeroth order point source of T Cha (⇠ 1200 events) and therefore
are unlikely to contaminate the dispersed T Cha spectra. Furthermore, if such contamination
existed, the small number of events would be spread over several spectral bins and thus would
not significantly a↵ect spectral fitting.

4.2.2

Optical Spectroscopy

Optical spectroscopy was performed during two of the three Chandra X-ray exposures using
the Siding Spring Observatory Wide-Field Spectrograph (WiFeS). Basic spectroscopic reduction (e.g., flat fielding, cosmic ray removal, and relative flux calibration) was performed by
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Figure 4.6 Dispersed Chandra HETG spectrum of T Cha (outlined by red bars) and nondispersed (zeroth order) X-ray source (red circle). North is up and east is left.
collaborator M. Bessel. Due to intermittent cloud coverage, the absolute flux from spectrum to
spectrum is uncertain. Our analysis is focused on the shapes of individual spectra and spectral
features therefore uncertainty in absolute fluxes does not a↵ect our results. Further analysis of
the optical data will be performed in future work.

4.3

Results

4.3.1

X-ray Properties of T Cha

The first order summed MEG X-ray spectrum of T Cha is shown in Figure 4.7 and compared
with an accretion dominated and coronally dominated X-ray spectrum. The coronal model
consists of a two component absorbed thermal plasma and the accretion model consists of an
absorbed distribution of plasma temperatures with a strong peak near 9 MK. Both models are
subject to intervening NH = 1 ⇥ 1022 cm

2,

similar to our best-fit value on 2013 Sept. 23.

Strong emission lines of S XIV, Si XIII, Mg XII and Ne X are observed.
Background subtracted light curves for T Cha are displayed in Figure 4.8. During the last ⇠20
ks of the 2013 Sept. 18 observation, the X-ray count rate increases by a factor of ⇠2, from 0.02
to 0.4 s

1,

and is sustained for ⇠ 20 ks. We note that the 2013 Sept. 19 X-ray observation

started ⇠4 hours after the end of the 2013 Sept. 18 observation. A week later, in the 2013 Sept.
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perhaps falling to ⇠ 0.02 s

1

near the end of the observation.

4.3.2

X-ray Spectral Modeling

X-ray spectra were fit with an absorbed two-temperature thermal plasma model. Metal abundances relative to solar [3] (e.g., Ne, Mg, Si, Fe, S and Ca) were free parameters in the first order
spectral fits and were initially set to those determined using the HETGS observations of TW
Hya [24]. The poorly constrained abundances of Carbon and Oxygen were not free parameters
in the first order spectra and were set to those of TW Hya in [24]. All abundances in the subsequent 0th order spectral fits were not free parameters and were set to the values obtained from
the combined best-fit first order model. The best-fit X-ray spectral parameters and their 90%
confidence ranges are summarized in Table/Figure 4.2 and the X-ray spectral fits are displayed
in Figures 4.7, 4.9, 4.10, 4.11, 4.12 and 4.13. Using the first order spectra, we find a column
density NH that increases significantly between the first and second observation (NH ⇠ 0.4 ⇥
1022 cm

2

and NH ⇠ 1.2 ⇥ 1022 cm

2,

respectively). The thermal plasma components have

temperatures TX1 ⇠ 40 MK and TX2 ⇠ 11 MK. We find an absorbed X-ray flux (FX ) of 1.2 ⇥
10
s

1

12

erg s

1

cm

2,

which corresponds to an intrinsic X-ray luminosity (LX ) of 4.3 ⇥ 1030 erg

assuming a distance of 110 pc to T Cha.

The best-fit column density parameter NH obtained from the zeroth order spectra are consistent
with those obtained from the first order spectra. We find an increase in NH between the first
and second observation (NH ⇠ 0.68 ⇥ 1022 cm

2

and NH ⇠ 1.2 ⇥ 1022 cm

2,

respectively).

Both components of the zeroth order best-fit model temperatures (⇠ 20 MK and ⇠ 5 MK,
respectively) are lower compared to the first order spectral fits. For the zeroth order spectra,
we find an absorbed X-ray flux (FX ) of 9.1⇥ 10

13

intrinsic X-ray luminosity (LX ) of 3.3 ⇥ 1030 erg s

1

erg s

1

cm

2

which corresponds to an

assuming a distance of 110 pc to T Cha.
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Table 4.2 X-ray Spectral Fit Parameters
Zeroth Order
Observation

First Order

14601

16370

16371

2013 Sept. 18

2013 Sept. 19

2013 Sept. 23

NH ⇥1022

0.68+0.42
0.23

0.84+0.76
0.47

1.2+0.9
0.20

TX1

23+11
2

19+10
17

4.9+25
2.3

3.4+26
1.5

Combined

14601

16371

2013 Sept. 18

2013 Sept. 23

Combined

0.71+0.29
0.15

0.42+0.35
0.28

1.2+0.30
0.35

0.81+0.19
0.21

22+7
6

24+3
4

51+99
18

36+64
14

40+23
11

7.9+7.9
7.9

8.4+3.6
5.6

11+4.0
4.4

11+1.0
2.7

11+1.0
2.3

[cm 2 ]

[MK]
TX2
[MK]
Norm1 ⇥10 4

16+3.0
16

17+8.0
11

15+14
7.5

15+5.0
3.0

9.2+3.8
4.0

8.3+7.7
4.6

1.0+5.0
2.9

Norm2 ⇥10 4

8.1+40
7.8

42+960
41

24+610
11

6.8+8.2
4.9

5.2

22+13
11

15+9.0
5.6
0.53

N

0.53

0.53

0.53

0.53

0.53

0.53

O

0.24

0.24

0.24

0.24

0.24

0.24

0.24

Ne

1.05

1.05

1.05

1.05

1.45
1.45+ 1.45

1.55+1.06
0.68

1.05+0.44
0.35

Mg

0.20

0.20

0.20

0.20

0.27+0.31
0.17

0.19+0.11
0.09

0.2+0.08
0.07

Si

0.30

0.30

0.30

0.30

0.62+0.94
0.32

0.26+0.12
0.09

0.3+0.12
0.08

0.18+0.17
0.12
0.35+0.28
0.24
0.87+1.81
0.87

0.43+0.26
0.21

Fe

0.10

0.10

0.10

0.10

S

0.43

0.43

0.43

0.43

Ca

0.66

0.66

0.66

0.66

0.09+0.15
0.09
0.6+0.99
0.54
0.93+2.75
0.93

0.1+0.08
0.07

Obs. FX
[erg s 1 cm 2 ]

9.1E-13

8.4E-13

8E-13

9.1E-13

1.21E-12

9.7E-13

1.2E-12

Intrinsic LX

3.6E+30

7.5E+30

5.4E+30

3.3E+30

2.9E+30

5.3E+30

4.3E+30

0.66+1.3
0.66

[erg s 1 ]

4.3.3

Emission Lines in the X-ray Spectrum of T Cha

The brightest individual emission lines apparent in the summed observation were fit with a
Gaussian+polynomial model centered at the rest wavelength of the line. Results are listed in
Table 4.3 with their 90% confidence ranges. In most cases, the fluxes of even the brighter lines in
individual exposures were too small to confidently measure. Bright emission lines are displayed
and labeled in Figures 4.9 and 4.11. Forbidden and intercombination line intensities within
the triplet line complexes of He-like ions (e.g. Mg XI, Ne IX, OVII) were not detected (Figure
4.12). In the case of actively accreting young stars like TW Hya, these lines serve as density
and temperature diagnostics to search for characteristic spectral features of accretion. We did
not detect all the features required for these sensitive temperature and density diagnostics and
therefore report that we have not detected the signatures of X-ray accretion in T Cha.
To infer the X-ray spectrum absorbed by the disk, an “unabsorbed” intrinsic X-ray model
was created by using the best-fit absorbed thermal plasma model and setting NH =0. This
intrinsic model and best-fit X-ray spectra are shown in Figures 4.13 and 4.14. Cleeves et al.
[33] produced simulations modeling the e↵ects of high energy irradiation of circumstellar disks
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Table 4.3 Line Emission in T Cha
Species
S XV
Si XIV
Si XIII
Si XIII
Mg XII
Mg XI
Mg XI
Ne X
Ne X
Ne X

Center [Å]
5.039
6.182
6.648
6.74
8.421
9.169
9.314
9.481
10.239
12.134

Flux ⇥ 10 6 [phot cm
2.57±1.65
3.05±0.88
2.75±0.93
2.07±0.89
1.67±0.74
1±0.78
0.74±0.74
1.39±1.03
2.27±1.11
6.76±2.29

2

s

1]

(Chapter 1.2.1.3). To compare our inferred intrinsic X-ray spectrum of T Cha to the generic TW
Hya X-ray spectrum used in their models (Figure 4.14, bottom), we followed their procedure by
calculating the X-ray flux at the surface of the star, however, we chose parameters for T Cha
instead of TW Hya. We assumed a radius of R = 1.8 R

and distance of 110 pc for T Cha

[135].

4.3.4

Optical Spectroscopy of T Cha

Optical spectra corresponding to the Sept. 18 and Sept. 23 Chandra observations, including a
spectrum obtained before the Chandra Sept. 18 observation, are displayed in Figure 4.15. The
spectra are normalized to the flux at ⇠7000 Å. Optical extinction from intervening dust grains
(AV ) was measured for T Cha following the same procedure described in Chapter 3 and Looper
et al. [103]: i.e., a G8V spectral template from the Pickles Spectral Flux Library [124] was
reddened according to the reddening curve presented in Cardelli et al. [29] with RV =3.1, and
the resulting reddened template was compared by eye to the observed spectra so as to estimate
the best match in terms of AV . Extinction errors were estimated by changing the reddened
template AV until it clearly no longer provided a good match to the spectrum in the 3500-5500
Å wavelength region (i.e., the region most a↵ected by extinction).
The level of optical extinction (AV ) for each observation increases from Sept. 18th to Sept.
24th and is apparently correlated with a simultaneous increase in NH as measured from X-ray
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absorption (Figure 4.15, Table 2). The ratios of atomic absorption to optical extinction are
shown in Figure 4.17 and, as for the author’s work on TWA 30A (Ch 3), are compared to NH
vs. AV curves determined for the ISM [134] and pre-MS stars in ⇢ Oph [154]. While the 2013
Sept 18 observation lies near the curve determined for the ISM, the 2013 Sept 24 observation
lies above the ISM curve. This result is discussed further in Section 4.4.2.
The H↵ profile for all three SSO observations is shown in Figure 4.16 and is similar to those
seen in [139]. The profile during the 09-18 and 09-19 observations (low NH ) matches an inverted
P Cygni profile typical of magnetospheric accretion onto a young star whereas the line profile
from the 09-24 observation (high NH ) is similar to those of theoretical profiles of disk-wind
models [Section 4.4.2 and Figure 4.18; 98].

4.4
4.4.1

Discussion
X-rays from T Cha: Coronal Activity vs. Accretion

While the X-ray spectrum of T Cha shows several lines typical of a cTTS, we do not detect the
triplet line complexes of He-like ions [e.g. Mg XI, Ne IX, OVII; Chapter (1.2.3.1); 24, 85] required
to unambiguously detect or measure temperatures and densities in the ranges characteristic of
accretion-shock-heated plasma. In Figure 4.7, we compare the observed X-ray spectrum of T
Cha to a coronal and accretion model. The triplet line complexes of He-like ions can be readily
seen in the accretion model (e.g., Ne IX ⇠ 13.5 Å) but not in the coronal or observed X-ray
spectrum. We therefore conclude that coronal emission was the dominant mechanism for the
production of X-rays during these X-ray observations of T Cha.
T Cha has been characterized by high optical variability and broad emission lines such as
H↵. H , and O I which are indicative of active accretion [135, 139]. Since T Cha is actively
accreting, the X-ray luminosity produced by accretion is far less than X-ray emission produced
by coronal activity and thus, the signatures of accretion were not detected. The number of
X-ray events in the merged ⇠150 ks observation was . 10 counts in the NeIX region and . 20
counts in the Mg XI region. This suggests that accretion-shock-heated plasma could be present
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Figure 4.7 Chandra combined MEG observation of T Cha (bottom) compared with a theoretical
model of accretion (middle) and coronal (top) dominated spectrum. The dashed line represents
a fiducial value of 30 counts/bin in all panels.
on the star but was not a strong enough source of X-ray photons to be detected in our ⇠150
ks observation. Furthermore, with a rotation period of ⇠3.2 days, a highly inclined viewing
angle of the star/disk, and three observations over the course of ⇠7 days, we cannot rule out
the possibility that we only observed accretion shocked heated plasma for portion of the full
observation. We do not find evidence of accretion during any individual observation; however,
given the low number of events detected & 9 Å in the entire spectrum, emission characteristic of
accretion, if present, would be very difficult to detect. Furthermore, large values of NH would
likely absorb any low luminosity ⇠3 MK plasma emission.
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Figure 4.8 Light curves of T Cha for the 09-18 (top), 09-19 (middle), and 09-23 (bottom)
Chandra observations.
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Figure 4.9 Chandra HETGS combined MEG (top) and HEG (bottom) spectra overlaid with the
best fit absorbed two-temperature plasma model (red).
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Figure 4.10 T Cha summed zeroth order X-ray spectrum (black histogram) and model (red
histogram).

4.4.2

X-ray and Optical Variability: Signature of Accretion?

A range of H↵ profiles has been observed in many YSOs that reveal evidence of both outward
wind flows and inward accretion flows. Outward wind flows, characterized by mass-loss from
circumstellar disks due to open magnetic field lines display blueshifted absorption features [Figure 4.18; 98]. Alternatively, inward accretion flows resulting from gas flowing along magnetic
field lines and accreting onto the surface of a star can be characterized by a redshifted inverse
P Cygni profile [Figure 4.18; 98]. Such variable H↵ profiles have been observed in T Cha.
We confirm the initial results from XMM-Newton observations presented in [135] and detect
high absorbing column density due to the circumstellar disk of T Cha. Both the zeroth and first
order X-ray spectral fits confirm that the column density increased by a factor of ⇠3 between
the 09-18 observation and the 09-23 observation. During the same period of time, the optical
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extinction increased from AV = 1.9 to AV = 2.8 (Figure 4.15). We interpret this apparent
variable X-ray/optical extinction correlation as the the result of stellar occultation from an
obscuring clump composed of both gas and dust. Furthermore, it appears that the ratio of
atomic absorption to optical extinction does not follow the same trend as seen in the ISM and
⇢ Oph (Figure 4.17). The measured value of T Cha has an “excess” of atomic absorption when
the clump is obscuring the photosphere (Sept. 24 epoch). Such a signature could be reproduced
via dust settling. This clump may be slightly above the disk midplane in an area deficient of
dust.
Variable obscuration of the photosphere from a disk clump is further supported by the change
in the H↵ profile between the two observations displayed in Figure 4.16. The H↵ profile during
the 09-18/19 observations, when the stellar photosphere was visible, is characteristic of magnetospheric accretion where the redshifted component is due to H↵ absorption by an falling
accreting gas. The blue shifted component is due to the H↵ emission from the accretion stream
above the photosphere accreting onto the surface of the opposite side of the star. During the 0924 observations, when the photosphere is obscured by the gas/dust clump, the previously visible
accretion signatures are now obscured, and the disk-wind emission component is observed.
This apparent variable X-ray/optical extinction correlation was also observed for TWA 30 A and
is presented in Chapter 3. Such a direct correlation between variable optical and X-ray extinction
of a star by a circumstellar disk has never before been detected simultaneously in such nearby,
highly inclined pre-MS stars. A similar phenomena was observed for AA Tau, a CTTSs with a
warped inner disk edge that occults the stellar photosphere in Grosso et al. [70]. However, due
to bad weather conditions, optical observations meant to observe simultaneously with XMMNewton were not performed. Therefore, in the case of AA Tau, simultaneous measurements of
optical extinction were not made and could not be compared with measurements of NH .

4.4.3

Reconstructing the Intrinsic X-ray Spectrum of T Cha

To e↵ectively model X-ray absorption by disk gas and, hence, understand the impact of Xrays on circumstellar disk chemistry, it is imperative to unambiguously establish intrinsic X-ray
source properties (e.g. plasma temperature, coronal and/or accretion signatures). The intrinsic
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Figure 4.11 Chandra HETGS spectra for observations IDs 14601 (top) and 16371 (bottom)
overlaid with the best fit absorbed two-temperature plasma model for each, respectively (red).
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Figure 4.12 Chandra MEG (top) and HEG (bottom) spectra of the Ne IX and Mg XI triplet
line complex regions.
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X-ray spectrum of T Cha can be inferred due to the high spectral resolution of the HETGS
observations. Unlike X-ray imaging or low resolution spectra, individual lines can be resolved
and therefore used as constrains when fitting spectral models. Such models depend on the
metallicity of the emitting plasma.
As discussed in Chapter 1.2.1.3 and 1.2.1.4, X-rays play a significant role in circumstellar disk
heating and dissipation. The relatively large column density of circumstellar gas obscuring
the coronae of T Cha –compared to nearly pole-on cTTSs like TW Hya– provide a means to
directly infer disk X-ray absorption. By comparing the intrinsic X-ray spectrum, which was
derived using constraints such as absorption independent line ratios and strengths, with the
observed (i.e., absorbed) X-ray spectrum, the energies of photons which get absorbed by the
disk can be determined (Figure 4.13). Such an X-ray spectrum has important implications with
respect to disk ionization fractions.
The large intrinsic X-ray luminosity of T Cha (LX ⇠ 4 ⇥ 1030 erg s

1)

makes it an interesting

target for further circumstellar chemical analysis. As discussed in Chapter 1.2.1.4, [33] suggested
that for young stars with sufficiently high X-ray luminosity (LX & 1027 erg s

1 ),

X-ray pho-

toionization can become the most efficient ionizing mechanism at the mid plane of the disk, i.e.,
the environment from which protoplanets first form. The ionization fraction of the mid plane
of the disk will a↵ect how efficiently the the disk mid plane interacts with the disk-magnetic
field which may, in turn, a↵ect planet formation. This makes T Cha and its circumstellar disk a
prime target for planet formation models at the epoch of giant planet formation. Comparing the
intrinsic X-ray spectrum derived in this work (Figure 4.14, top and middle) with the one used
by Cleeves et al. [33] in their disk models ( Figure 4.14, bottom), we note the the large number
of emission lines present in the region of ⇠1 keV that are not accounted for in the Cleeves et al.
[33] model. Such lines may have impact chemistry at the disk mid planes of significantly bright
X-ray cTTSs like T Cha and should be included in future disk chemistry studies.
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Figure 4.13 Chandra HETGS X-ray combined spectrum of T Cha (black) fit with an absorbed
(red) two-temperature plasma model. The best fit plasma model with NH =0 is shown in blue
representing the intrinsic “unabsorbed” spectrum. Both models have been convolved with the
detector response.

4.5

Summary

The classical T Tauri star T Cha is the closest known example of a highly inclined, actively
accreting, solar-mass star/disk system; furthermore, T Cha may be orbited by a low-mass
companion or massive planet that has cleared an inner hole in its disk. We analyze nearsimultaneous Chandra high-resolution X-ray and optical H-alpha spectroscopy observations of
T Cha to search for correlations between X-ray and optical emission signatures of accretion,
and to infer the X-ray absorbing properties of the T Cha circumstellar disk. We find the X-ray
spectrum of T Cha is dominated by coronal emission and we see no evidence of accretion-shockheated gas. This could be the result of low levels of accretion luminosity with respect to coronal
luminosity, or large levels of absorption from disk gas at soft X-ray energies, typical of highly
inclined circumstellar disks.
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Figure 4.14 Top and Middle: Model of the intrinsic X-ray flux at the surface of T Cha determined
via the best model fit to HETGS data. The top model includes an absorption of NH ⇠ 0.8
⇥ 1022 cm 2 and the middle assumes zero absorption. Bottom: Model X-ray spectrum from
Cleeves et al. [33] used to simulate the e↵ects of high energy irradiation of a circumstellar disk
on disk ionization fraction. The black line corresponds to the surface flux a T Tauri star using
a “characteristic X-ray spectrum” consisting of a two temperature optical thin thermal plasma
with T1 = 9 MK and T2 = 30 MK. The grey spectrum is representative of a flaring T Tauri star
with high X-ray luminosity (LX & 1031 erg s 1 ).
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Figure 4.15 T Cha SSO optical spectra for three epochs and their corresponding best fit reddened
G8V spectral templates (pink). AV values of 1.4, 1.9 and 2.8 were measured for Sept 18, 19,
and 24, respectively. All spectra are normalized to the flux at ⇠7000 Å.
We report the correlation of optical and X-ray extinction due to circumstellar dust and gas,
respectively. We conclude this correlation is the result of an intervening gas/dust clump orbiting
in the disk of T Cha and variably occulting the stellar photosphere. This correlation was also
found in the previous chapter in the case of TWA 30A. For T Cha we present an observed
(i.e., absorbed) spectrum and a realistic intrinsic (i.e., unabsorbed) model that can be used to
investigate the e↵ects of X-ray irradiation on circumstellar disk chemistry and evolution at or
near the epoch of giant planet formation.
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Figure 4.16 H↵ profiles of T Cha for each of the three epochs in Figure 4.15. All spectra are
normalized to the flux at ⇠7000 Å.
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Figure 4.17 NH to AV relationship for a selection of X-ray bright pre-MS stars from the COUP
survey (data points), the ISM [top dashed line; 134], and pre-MS stars in ⇢ Ophiuchi [bottom
dashed line; 154] originally published in Feigelson et al. [55]. Simultaneous measurements of
NH and AV are shown for T Cha (blue) and TWA 30A (red).
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Figure 4.18 Theoretical H↵ profile variability from Kurosawa et al. [98] presented for the case of
only disk winds (top) and only magnetospheric accretion (bottom). The disk-wind-only profiles
are compared for di↵erent values of , a wind acceleration parameter and wind temperature.
The wind loss rate was fixed at 10 8 M yr 1 . The magnetospheric-accretion-only models of H↵
profiles (top) are compared for di↵erent mass accretion rates and accretion flow temperatures
and assuming a disk inclination of i⇠50 .

Chapter 5

Conclusions and Future Work
5.1

Conclusions

Multiwavelength observations of young stars and their circumstellar disks are imperative in
understanding the multitude of astrophysical processes during the evolution of a young star.
Data from over six telescopes spanning three wavelength regimes is presented in this thesis.
Such research projects directly address the questions initially presented in Section 1.2.5.
An infrared and multi-epoch X-ray study of the star-forming region L1630 (Chapter 2) has
resulted in the classification of 52 X-ray emitting YSOs. X-ray variability and spectral properties
were characterized and compared for each YSO class to investigate their role in young stellar
evolution. We found at least one YSO from each class underwent an order of magnitude increase
in X-ray count rate over the ⇠4 year duration of the L1630 Chandra observations. This suggests
flaring events are not unique to any one stage of star formation. Moreover, the L1630 sample
of Class 0/I YSOs show the highest levels of X-ray variability, three of which apparently reside
in the same region of the L1630 molecular cloud representing ideal targets to study the earliest
stages of magnetic activity in X-ray emitting protostars (see Future Work). The Class III
sample exhibited lower X-ray luminosities than younger classifications yet display similar plasma
temperatures. Since star-disk interactions should not be contributing to LX in Class III YSOs,
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this could indicate that a di↵erent plasma-heating mechanism is operative in Class III YSOs.
We also found evidence of cool plasma typically associated with accretion shocks in three cTTSs.
The highly variable, low-mass, actively accreting pre-MS stars TWA 30 A and 30 B (Chapter 3) were investigated via contemporaneous Chandra X-ray and VLT/IRTF near-IR/optical
observations. In the case of TWA 30A, we found NH to AV ratios lower than those typical
of the ISM suggesting the circumstellar disks metals are either not present or frozen out onto
dust grains. For the two epochs of TWA 30A data we measure one of the only examples of
correlated near-IR/optical and X-ray variability in a young star with a circumstellar disk. We
therefore confirm the hypothesis initially presented in [103] that variability due to circumstellar
disk clumps is present in TWA 30A. We find no evidence of a cool plasma component in the
actively accreting TWA 30A, however, this is likely attributed to the large hydrogen absorbing
column of the nearly edge-on disk. The two epochs of TWA 30B displayed very little near-IR
excess variability and TWA B was not detected in the X-ray observations likely due to the large
hydrogen absorbing column from circumstellar material.
The highly inclined, solar-mass star/disk system T Cha was investigated via simultaneous Chandra X-ray and SSO optical spectroscopy. A high resolution X-ray spectral analysis was performed and no cool plasma component was detected in this actively accreting system. We
therefore conclude that the spectrum is dominated by coronal X-ray emission and the accretion component likely is absorbed by the highly inclined circumstellar disk. Comparing best-fit
models of the central protostar to that of the observed flux can be used to investigate the e↵ects
of X-ray irradiation on disk chemistry. Similar to that of TWA 30A, we report a correlation
of optical and X-ray extinction consistent with that of an intervening disk clump obscuring the
photosphere of the star.
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Future Work
Embedded Young Stars in L1630

I will expand on the the L1630 work with SMA observations of several embedded young stars
including V1647 Ori, SSV 63 NE, W, and E as well as an “evolved” (non-embedded) wTTS
SSV 61, which is spatially correlated with a radio source. I was awarded these observations
as science PI in 2013 and a preliminary analysis has shown many of the targets detected with
1.3mm continuum emission. The deeply embedded sources represent the earliest stages of star
formation; some are relatively strong X-ray emitters, which will provide insight into the origin of
stellar magnetic activity. The combination of Spitzer, WISE, SMA, and (potentially1 ) SOFIA
data will allow very good young stellar classification via SED model fitting and will characterize
disk/dust masses.

5.2.2

X-raying the Disk of T Cha

A more detailed spectral analysis will be performed on T Cha including upper limit calculations
of non-detected spectral lines typically associated with accretion. Such upper limits will help
constrain the influence accretion-shock-generated X-ray irradiation on the circumstellar disk of
T Cha. I also aim to calculate the X-ray photoionization rate from the inferred X-ray disk
absorption following the procedure outlined in Skinner & Güdel [141] for the pre-MS transition
disk LkCa15. These calculations will be used in collaboration with Uma Gorti, an expert in
modeling irradiation of circumstellar disks [67]. These results will be used to build a case
for future ALMA observations to observe molecules associated with the X-ray ionization of
circumstellar disks (e.g., CN, HCN, HCO+, C2 H and N2 H+). A comparison of the abundance
of these elements with the inferred X-ray absorption of the disk will provide one of the first direct
measurements of the true influence of X-ray photoionization at potentially planet forming depths
in circumstellar disks.
1

I was previously science PI of an awarded Cycle 1 SOFIA proposal to observe L1630 and NGC 2264 which
was not observed due to the 2013 US government shutdown. We have since resubmitted our proposal and are
awaiting TAC review.
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While the work presented and proposed in this thesis for T Cha is substantial, more high
resolution X-ray spectroscopy studies should be performed for nearby young stars and their
highly inclined circumstellar disks. A comparison of these new studies to that of T Cha will
o↵er a wealth of information pertaining to the environment in which planets form and how it
may relate stellar parameters such as mass, metallically and/or age.

5.2.3

Investigating Disk Variability in TWA 30A and 30B

While long term multiwavelength variability has been observed for TWA 30 in Looper et al.
[102, 103] over the course of 6-12 months, a detailed short term observation campaign has not
been performed. I aim to propose simultaneous multiwavelength spectral observations using
telescopes/instruments such as SOAR-OSIRIS, VLT-XSHOOTER, Magellan II-MagE/MIKE,
VLT-FORS2 to constrain short term variability. I also aim to search for variability in the
H-alpha profile of TWA 30A similar to that observed in T Cha (Chapter 4).
The work performed in this thesis on TWA 30A, 30B and T Cha suggest that disk clumps and/or
warps are likely a significant source of near-IR and/or optical variability in these highly inclined
star-disk systems. More work should be performed characterizing this variability with the goal
of determining the likelihood that disks clumps/warps are a significant source of near-IR and/or
optical variability in other highly inclined star-disk systems.

5.2.4

Magnetic Activity in Very Low-mass Stars

I am the science PI of an XMM-Newton campaign to observe ⇠ 8 nearby, very low-mass, late
M-type, pre-MS stars. Our awarded sample of stars are potentially the progenitors of low-mass
main sequence stars whose X-ray and radio luminosity do not obey the Gudel-Benz relationship
[13]. We aim to detect the pre-MS age at which this relationship for main sequence stars no
longer holds. Such a determination will provide insight into the early (pre-MS) stellar evolution
of stars that lie at the low-mass-star/brown dwarf (H-burning) boundary. This work will also
investigate the X-ray radiation field produced by accretion and/or coronal emission in very
low-mass pre-MS stars. A better understanding of both the magnetic environment and X-ray
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radiation field of nearby, low-mass stars can be used to determine the best candidates for the
direct imaging of exoplanets.
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